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Abstract 

To  meet  the  performance  parameters  of  the  Spallation 
Neutron  Source  (SNS)  for  high  beam  intensity  with  low 
losses,  the  compact  accumulation  ring  will  contain  32 
sector  dipoles  with  1.44  m  effective  length  and  a  large 
aperture,  170  mm.  The  magnets  are  built  from  potted 
coils  and  machined  pieces  of  solid  iron.  When  first 
assembled,  the  dipoles  met  the  requirements  for  field 
uniformity  but  the  rms  variation  of  the  integral  transfer 
function  (ITF)  was  much  larger  than  design  at  both  fields 
of  interest,  1.11  T-m  and  1.33  T-m,  corresponding  to 
proton  energies  of  1.0  GeV  and  1.3  GeV  respectively. 
Based  on  initial  measurements,  shims  have  been  added  to 
the  return  legs  or  poles,  as  appropriate,  in  order  to  bring 
the  rms  variation  of  the  1 .0  GeV  ITF  to  the  specification, 
0.01%.  The  value  of  the  ITF  rms  variation  at  1.3  GeV  for 
the  shimmed  magnets  is  0.033%.  Sorting  the  magnets  has 
significantly  reduced  the  load  on  the  correctors  due  to  this 
ITF  variation. 

1  INTRODUCTION 

The  Spallation  Neutron  Source  (SNS)  is  under 
construction  at  Oak  Ridge  National  Laboratory  [1].  The 
SNS  accumulator  ring  [2]  will  contain  32  sector  dipoles. 
To  accommodate  the  high  intensity  proton  beam,  the 
magnet  aperture  is  large.  The  dipoles  are  being 
characterized  over  the  energy  range  0.8  to  1.3  GeV  to 
allow  for  operation  over  a  range  of  injection  energies.  The 
magnets  were  fabricated  at  Brookhaven  National 
Laboratory  (BNL),  using  coils  and  machined  iron  parts 
purchased  from  industry.  The  yokes  are  machined  from 
solid  1006  steel.  Other  parameters  of  the  magnets  are 
given  in  Table  1.  A  drawing  of  the  magnet  is  shown  in 
Fig.  1.  This  paper  reports  magnetic  measurement  results 
from  all  32  dipoles.  Measurements  of  the  first  16  dipoles 
have  been  published  previously  [3], 


Table  1 :  Magnet  Parameters 


Effective  length,  m 

1.44 

Gap,  mm 

170 

Pole  width,  mm 

450 

S0  at  1.0  GeV  (1.3  GeV),  T 

0.77  (0.925) 

7op  at  1 .0  GeV  (1.3  GeV),  A 

4398  (5408) 

J B.dl  at  1.0  GeV  (1.3  GeV),  T-m 

1.11  (1.33) 

*  SNS  is  managed  by  UT-Batelle,  LLC,  under  contract  DE-AC05- 
OOOR22725  for  the  U.S.  Department  of  Energy.  SNS  is  a  partnership  of 
six  U.S.  national  laboratories:  Argonne,  Brookhaven,  Jefferson, 
Lawrence  Berkeley,  Los  Alamos,  and  Oak  Ridge. 

t  wanderer@bnl.gov 

#  now  at  ESRF,  Grenoble,  France 


2  FIELD  QUALITY  REQUIREMENTS 

For  the  individual  magnets,  there  are  field  quality 
requirements  for  the  integral  field  and  for  the  region  near 
the  axial  center  of  the  magnet,  where  the  field  is  two- 
dimensional.  (The  requirement  applies  to  the  integral 
field  after  the  linear  variation  of  the  integral  dipole  field 
with  horizontal  position  due  to  the  sector  ends  is 
subtracted.)  In  both  cases,  the  requirements  call  for 
0.01%  uniformity  across  an  aperture  of  ±100  mm  at  the 
horizontal  midplane.  Field  uniformity  near  the  axial 
center  of  the  magnet  was  achieved  by  locating  steel  strips 
5.19  mm  high  and  40  mm  wide  at  the  edges  of  the  poles. 
Uniformity  of  the  integral  field  was  achieved  by  adjusting 
the  amount  of  steel  at  the  comers  of  a  yoke  of  the 
prototype  dipole  in  an  iterative  process  that  utilized  both 
three-dimensional  calculations  and  measurement. 

For  the  group  of  magnets,  the  rms  variation  of  the 
integral  field  is  to  be  less  than  0.01%.  After 
measurement,  the  magnets  are  disassembled  in  order  to 
install  the  vacuum  chamber,  so  magnet  assembly  must  be 
reproducible  to  0.01%  in  order  to  assure  that  the  field 
measurements  correctly  represent  the  installed  magnets. 
The  six  yoke  sections  (poles,  top  and  bottom  plates,  side 
plates)  are  pinned  and  bolted  to  obtain  this  reproducibility. 

3  MAGNETIC  FIELD  MEASUREMENTS 

The  integral  fields  in  production  dipoles  are  measured 
with  a  rotating  coil  2.49  m  long  and  163.8  mm  in 
diameter.  Tangential  sense  windings  are  mounted  on  the 
coil  [4].  At  1.0  and  1.3  GeV,  measurements  are  made  at 
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the  center  of  the  magnet  aperture  and  at  positions  50.8  and 
101.6  mm  on  both  sides  of  center.  The  regions  covered 
by  the  coil  at  these  positions  overlap,  providing 
considerable  redundancy  in  the  data.  For  a  sector  magnet, 
accurate  horizontal  placement  of  the  measuring  coil  is 
essential.  (A  horizontal  displacement  of  0.76  mm  changes 
the  integral  field  by  0.01%.)  This  is  accomplished  by  a 
precision  magnet  stand  and  a  computer  controlled  coil 
translation  stage.  In  addition,  optical  survey  is  used  to 
locate  fiducials  on  the  coil  with  respect  to  the  magnet 
fiducials.  The  survey  data  are  then  used  to  correct  the 
magnetic  measurements  for  any  errors  in  the  coil  position. 
The  short-term  variation  (i.e.,  noise)  of  the  integral 
measurements  is  ~  0.002%.  The  reproducibility  of  the 
measurements  is  -0.01%  when  the  magnets  are  removed 
from  and  reinstalled  on  the  test  stand.  The  absolute 
accuracy  of  the  integral  field  measurement  is  estimated  to 
be -0.03%. 

To  obtain  reproducibility  of  the  hysteresis,  the  magnets 
were  ramped  to  4834  A  (5408  A)  for  1.0  GeV  (1.3  GeV) 
operation.  Following  this  cycle,  the  magnets  were  ramped 
up  to  the  same  high  current.  Measurements  were  then 
made  on  the  down-ramp. 

The  as-built  dipoles  did  not  meet  the  specification  of  a 
0.01%  standard  deviation  in  the  integral  transfer  function 
(ITF)  due  to  variations  in  the  pole  gap,  as  well  as  apparent 
variations  in  the  iron  properties.  The  dipoles  were 
shimmed  to  meet  the  specifications.  A  target  mean  value 
was  established  based  on  the  measurements  of  a  few  early 
dipoles.  For  all  the  subsequent  dipoles,  a  preliminary 
measurement  was  carried  out  at  1.0  GeV  excitation  and  a 
shim  was  installed,  if  necessary,  either  in  the  return  leg 
position  (to  reduce  the  ITF)  or  under  the  upper  pole  (to 
increase  the  ITF).  Most  magnets  were  shimmed  to  within 
±0.02%  of  the  target  value  on  the  first  attempt.  A  few 
magnets  remained  outside  this  margin  (which  corresponds 
to  the  shim  resolution  of  25  pm)  after  the  first  shimming. 
These  magnets  were  reshimmed. 

Initially,  the  shim  thickness  was  determined  based  on 


Figure  2:  Change  in  Integral  Transfer  Function  as  a 
function  of  shim  thickness  in  the  pole  and  the 
return  leg. 
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Figure  3:  Integral  dipole  field  at  1.0  GeV  before  (trian¬ 
gles)  and  after  (circles)  shimming. 

the  nominal  pole  gap  and  the  amount  of  correction 
required.  As  data  on  more  shimmed  magnets  became 
available,  an  empirical  relation  between  the  shim 
thickness  and  the  change  in  the  ITF  was  established  (see 
Fig.  2).  This  empirical  relationship  was  used  in  the  later 
part  of  the  program  for  a  more  accurate  shimming.  A 
small  difference  was  observed  between  the  sensitivities 
for  the  return  leg  and  pole  shims.  This  difference  is 
perhaps  due  to  different  levels  of  iron  saturation  in  the 
pole  and  return  leg  regions. 

Integral  field  measurements  of  the  32  magnets,  at  the 
central  position,  before  and  after  shimming,  are  shown  in 
Fig.  3 .  Before  shimming,  the  rms  variation  of  the  integral 
field  was  0.165%;  after  shimming,  it  is  0.01%.  At 
1.3  GeV,  shimming,  reduced  the  rms  variation  from 
0.089%  to  0.033%  (Fig.  4).  Local  dipole  correctors  will 
be  used  to  correct  the  orbits.  To  minimize  the  load  on 
these  correctors,  the  dipoles  will  be  sorted  based  on  their 
integral  field  at  1 .3  GeV.  Magnets  with  high  and  low 
integral  fields  will  be  placed  360  degrees  in  phase 
advance  (two  full  cells)  apart. 

With  the  measuring  coil  at  the  central  position, 


Magnet  Number 

Figure  4:  Integral  dipole  field  at  1.3  GeV  before 
(triangles)  and  after  (circles)  shimming. 
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Figure  5:  Excitation  curves  for  operation  at  1.0  GeV 
and  1.3  GeV. 

excitation  curves  for  operation  at  1.0  and  1.3  GeV  were 
measured,  down  to  0.8  GeV.  Fig.  5  shows  the  excitation 
curves  in  the  two  cases. 

An  alternate  way  to  represent  the  field  quality  of  the 
magnets  is  to  give  the  harmonic  decomposition  of  the 
field.  Table  2  (Table  3)  summarizes  the  integral 
harmonics  in  the  magnets  at  the  central  position  of  the 


measuring  coil  at  1.0  GeV  (1.3  GeV)  excitation.  It  is 
important  to  note  that  the  integral  measurements  of  two 
harmonics  are  affected  by  the  magnet  taper,  which 
produces  an  apparent  normal  quadrupole  of  -105  units 
(~  1%)  and  an  apparent  normal  octupole  of  ~  2  units.  A 
three-dimensional  calculation  shows  that  the  apparent 
values  of  these  harmonics  are  -107  and  +1.96  units 
respectively,  in  reasonable  agreement  with  the  measured 
values.  The  harmonics  are  essentially  unchanged  by  the 
shimming.  Both  2-D  and  3-D  calculations  were 
performed  to  show  that  changes  in  harmonics  due  to  the 
shims  are  negligible.  Typical  harmonic  changes  are  less 
than  0.1  unit.  The  normal  sextupole  increases  from  0  to  6 
units  between  1.0  and  1.3  GeV,  the  result  of  saturation. 
The  ~  1  unit  variation  of  the  skew  quadrupole  may  be  the 
result  of  top-bottom  differences  in  the  taper  of  the  yoke. 

The  three-dimensional  calculation  also  allows  us  to 
evaluate  the  difference  between  the  harmonics  measured 
by  the  (straight)  integral  coil  and  those  along  the  curved 
path  of  a  proton.  Except  for  the  normal  quadrupole  and 
normal  octupole  as  discussed  above,  the  harmonics 
integrated  along  the  trajectory  of  the  protons  are  expected 
to  be  within  1  unit  of  those  measured  by  the  rotating  coil. 
The  integral  normal  quadrupole  and  the  normal  octupole 
for  the  curved  path  differ  from  the  straight  path  value  by 
99.4  units  and  2.7  units  respectively. 


Table  2:  Integral  harmonics  in  the  17D120  dipoles  in  10^ 
units  at  80  mm  (1.0  GeV  operation) 


Harmonic 

Normal 

Skew 

Mean 

Std.  Dev. 

Mean 

Std.  Dev. 

Quadrupole 

-105.04 

0.28 

-0.26 

0.95 

Sextupole 

0.16 

0.43 

-0.02 

0.49 

Octupole 

2.05 

0.15 

-0.05  . 

0.32 

Decapole 

1.14 

0.20 

0.00 

0.11 

Dodecapole 

0.06 

0.09 

0.00 

0.16 

14-pole 

-0.30 

0.12 

-0.02 

0.10 

16-pole 

0.15 

0.07 

0.00 

0.10 

18-pole 

-0.08 

0.11 

0.00 

0.06 

20-pole 

-0.04 

0.05 

0.01 

0.09 

22-pole 

-0.18 

0.13 

0.00 

0.03 

4  CONCLUSIONS 

The  32  ring  dipoles  for  the  Spallation  Neutron  Source 
have  been  measured  and  found  to  meet  the  field  quality 
tolerances.  When  shimmed,  the  magnets  meet  the  0.01% 
tolerance  on  the  rms  variation  of  integral  dipole  field  at 
1 .0  GeV.  The  rms  variation  at  1 .3  GeV,  0.033%,  will  be 
compensated  by  sorting.  The  integral  fields  are  uniform 
across  the  good  field  region  of  x  =  ±100mm  within 
0.01%,  except  for  a  residual  quadrupole,  estimated  at 
~  6  units  due  to  the  magnet  taper. 
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Table  3:  Integral  harmonics  in  the  17D120  dipoles  in 
10-4  units  at  80  mm  (1.3  GeV  operation) 


Harmonic 

Normal 

Skew 

Mean 

Std.  Dev. 

Mean 

Std.  Dev. 

Quadrupole 

-103.66 

0.29 

-0.19 

1.01 

Sextupole 

-6.28 

0.41 

-0.02 

0.53 

Octupole 

2.48 

0.16 

-0.03 

0.32 

Decapole 

-0.45 

0.20 

0.00 

0.11 

Dodecapole 

0.08 

0.10 

0.00 

0.16 

14-pole 

-0.49 

0.12 

-0.02 

0.10 

16-pole 

0.15 

0.07 

0.00 

0.10 

18-pole 

-0.07 

0.11 

0.00 

0.06 

20-pole 

-0.04 

0.05 

0.01 

0.09 

22-pole 

-0.17 

0.13 

0.00 

0.03 
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Abstract 

Gesellschaft  fur  Schwerionenforschung  (GSI)  has 
proposed  a  large  expansion  of  the  existing  facility  in 
Darmstadt,  Germany.  The  proposal  includes  an 
accelerator,  SIS200,  with  rigidity  of  200  T-m  that  utilizes 
4  T  superconducting  dipoles  ramped  at  1  T/s.  An  R&D 
program  including  both  the  superconductor  and  the 
magnet  is  directed  at  achieving  the  desired  ramp  rate  with 
minimal  energy  loss.  The  RHIC  arc  dipoles,  with  8  cm 
aperture,  possess  adequate  aperture  and  field  strength  but 
are  ramped  at  only  1/20  of  the  desired  rate.  However,  for 
reasons  of  speed  and  economy,  the  RHIC  dipole  is  being 
used  as  the  basis  for  this  work.  The  superconductor  R&D 
has  progressed  far  enough  to  permit  the  manufacture  of  an 
initial  cable  with  satisfactory  properties.  This  cable  has 
been  used  in  the  construction  of  a  1  m  model  magnet, 
appropriately  modified  from  the  RHIC  design.  The 
magnet  has  been  tested  successfully  at  2  T/s  to  4.38  T. 

1  INTRODUCTION 

This  paper  reports  the  successful  initial  test  of  a  lm 
fast-ramped  superconducting  model  dipole  built  as  part  of 
the  magnet  R&D  program  for  the  new  accelerator  facility 
that  will  be  built  at  the  Gesellschaft  fur 
Schwerionenforschung  (GSI)  in  Darmstadt,  Germany  [1]. 
The  magnet  was  designed  to  meet  specifications  for  the 
SIS200  accelerator:  4  T  central  field,  1  T/sec  ramp  rate 
[2,3].  Because  the  RHIC  arc  dipoles  [4]  can  operate  at  4 
T,  GSI  and  BNL  are  working  together  on  a  model  magnet 
program  based  on  the  RHIC  design.  Use  of  the  RHIC 
cross-section  has  enabled  the  work  to  take  advantage  of 
much  of  the  RHIC  design  and  tooling  and  some  of  the 
RHIC  magnet  components,  thereby  getting  the  effort  off 
to  a  fast  start.  However,  it  has  been  necessary  to  make 
significant  modifications  to  the  magnet  design,  especially 
the  superconductor,  to  build  a  magnet  that  can  ramp  20 
times  faster  than  RHIC  and  have  much  lower  eddy  current 
energy  losses. 


♦Work  supported  by  US  DOE  under  contract  DE-AC02-98CH10886 
and  GSI. 

t  wanderer@bnl.gov 


2  SUPERCONDUCTOR 

The  strand  for  the  first  dipole  (GSI001)  is  made  from 
leftover  NbTi  strand  from  the  RHIC  program  (2.25  Cu:SC 
ratio,  Jc  =  2900  A/mm2  at  5  T,  4.2  K,  0.648  mm  wire 
diameter,  6  pm  filament  diameter,  13  mm  twist  pitch). 
The  twist-pitch  of  the  GSI001  strand  is  4  mm.  The  extra 
twist  reduced  the  wire  diameter  slightly  (~  13  pm)  with 
minimal  impact  (<  5  %)  on  the  critical  current.  The  cable 
parameters  that  determine  the  energy  loss  are  the 
resistance  between  adjacent  strands,  Ra,  and  the  resistance 
between  crossing  strands,  Rc  [5].  In  the  cable  used  in  this 
magnet  (GSI#004),  Rc  was  increased  compared  to  RHIC 
values  by  inserting  two  25  pm-thick,  8  mm  wide  stainless 
steel  cores  into  the  cable  as  it  was  formed.  To  allow  for 
some  current  sharing,  Ra  was  decreased  by  coating  the 
strands  with  Staybrite  (Sn  with  4%  Ag).  Without  cores, 
cables  made  from  Staybrite  coated  strands  (e.g.,  LHC) 
have  Rc  ~  20  p&.  The  cables  used  in  this  magnet  have  Rc 
=  60  m £2,  more  than  a  factor  of  a  thousand  higher.  The 
measured  value  of  Ra,  is  much  lower,  64  pQ,  so  eddy 
current  effects  are  dominated  by  currents  flowing  between 
adjacent  wires.  (This  value  of  Ra  was  determined  using 
the  standard  method.  Detailed  measurements  reveal  that 
Ra  actually  varies  by  as  much  as  a  factor  of  -  1000 
between  the  wide  and  narrow  sections  of  the  cable.  The 
effects  of  this  variation  introduce  some  uncertainty  into 
the  calculation  of  energy  loss  [6].) 

The  cable  has  standard  RHIC  insulation:  two  wraps  of 
Kapton®,  each  25  pm  thick,  with  50%  overlap  of  each 
wrap,  and  a  polyimide-based  heat-set  adhesive  on  the 
outside  of  the  inner  wrap  and  on  both  sides  of  the  outer 
wrap.  This  provides  substantial  impedance  to  the  flow  of 
helium  between  the  interior  of  the  cable  and  the  reservoir 
just  outside  the  coil.  To  allow  more  rapid  heat  exchange, 
a  laser  was  used  to  cut  away  about  25%  of  the  insulation 
on  the  thin  edge  of  the  insulated  cable  (Fig.  1).  The  holes 
in  the  insulation  were  precisely  made  so  that  the  coils 
could  be  wound  and  cured  without  developing  tum-to- 
tum  shorts.  Tum-to-tum  standoff  voltages  of  1.1  kV  were 
observed  for  both  the  straight  section  and  end  regions  of  a 
test  coil  that  was  cut  in  half  and  collared.  This  is  less  than 
the  nominal  test  condition,  >  2  kV,  for  RHIC  coils  but 
sufficient  for  the  SIS200  application. 
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Figure  1 .  Cable  inner  edge. 

3  MAGNET  CONSTRUCTION 

Where  feasible,  magnet  components  were  made  from 
insulators  rather  than  metals.  In  the  GSI  magnet  (Fig.  2), 
the  three  wedges  used  in  the  coil  to  control  field  quality 
were  Gil  rather  than  Cu.  The  cable  is  -  25  pm  thicker 
than  the  RHIC  cable,  resulting  in  a  cured  coil  (32  turns) 
that  is  oversize  by  0.9  mm.  The  G10  end  pole  spacers  and 
Ultem®  coil  end  saddles  were  modified  to  take  account  of 
the  oversize  cable.  The  shims  placed  between  the  coil  and 
the  pole  were  made  of  Gil  and  reduced  in  thickness  to 
compensate  for  the  oversized  coil. 

The  coils  were  collared  with  Kawasaki  high-Mn 
stainless  steel  collars.  (The  collars  were  designed  for  the 
LHC  D2/D4 IR  dipoles,  also  made  using  a  variation  of  the 
RHIC  arc  dipole  design  [7].)  As  a  handling  aid,  collars 
are  assembled  into  15  cm-long  packs  before  being  placed 
on  the  coils.  G10  tubes  were  used  to  assemble  these 
packs.  It  was  possible  to  replace  the  brass  keys  used  to 
lock  the  collars  around  the  coils  with  Gil  everywhere 
except  for  2  cm  at  the  nonlead  end,  where  brass  was  used. 
At  the  lead  end  of  the  magnet,  the  collars  have  a  larger 
inner  diameter  because  of  the  radial  space  needed  to  bring 
the  lead  at  the  pole  of  the  coil  beyond  the  end  of  the  coil. 
For  the  GSI  magnet,  the  brass  pieces  used  to  fill  this 
volume  were  halved  in  thickness  and  doubled  in  quantity, 
and  the  pieces  of  brass  were  insulated  from  one  another. 

The  yoke  laminations  were  0.5  mm  thick  and  punched 
from  low  coercivity  steel  (Hc  =  31  A/m)  with  3.3%  Si 
added.  The  laminations  were  coated  with  B-stage  epoxy 
and  glued  into  blocks  254  mm  long.  Five  blocks  make  up 
a  half  yoke.  Each  half  yoke  is  supported  against  axial 
motion  by  three  stainless  steel  rods  that  run  through  holes 
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Figure  2.  Cross  section  of  the  cold  mass. 


in  the  yoke  and  restrain  the  yoke  with  stainless  steel  nuts 
insulated  from  the  yoke  by  G10  washers.  G10  tubes  are 
placed  around  the  stainless  steel  rods  to  insulate  the  rods 
from  the  yoke.  The  two  yoke  halves  are  aligned  with 
respect  to  one  another  with  G10  alignment  keys  at  the 
yoke  midplane.  The  yoke  is  held  together  by  welding  a 
stainless  steel  shell  around  it.  There  is  a  welding  backup 
strip  at  the  midplane  but  the  strip  is  not  welded  to  the 
yoke. 

In  RHIC  magnets,  quenches  at  high  ramp  rate  are  likely 
to  originate  in  the  “ramp”  section  of  the  cable,  at  the  end 
of  the  pole  turn  of  the  coil,  where  the  cable  is  filled  with 
solder  to  keep  it  rigid  as  it  is  moved  by  G10  fixtures  to  a 
larger  radius  so  that  it  can  be  brought  past  the  end  of  the 
coil  and  spliced  to  the  cable  from  the  other  coil.  The 
splice  between  the  two  coils  halves  is  itself  a  possible 
source  of  quenching.  However,  the  high  value  of  Rc  in 
the  cored  cable  was  judged  to  be  sufficient  to  prevent  such 
quenching  in  this  magnet,  so  this  region  of  magnet 
construction  was  the  same  as  for  RHIC  dipoles. 

The  magnet  was  constructed  so  that  helium  axial  flow 
would  be  forced  along  the  coil  inner  radius,  for  maximum 
cooling.  All  other  axial  flow  paths  were  blocked  either  by 
plugs  or  vents.  Vents  (reed  valves),  located  at  each  end  of 
the  yoke,  will  open  under  pressure  to  allow  helium  to 
escape  during  a  quench.  (These  features  will  be  tested 
when  the  magnet  is  tested  at  GSI  in  supercritical  helium. 
BNL  testing  is  in  pool  boiling.)  The  magnet  has  no  beam 
tube  in  it.  Standard  RHIC  construction  is  used  to  restrain 
the  axial  motion  of  the  coil. 

4  QUENCH  TEST  RESULTS 

The  magnet  was  tested  in  pool  boiling  helium  (4.5  K 
nominal).  It  was  initially  operated  at  the  RHIC  ramp  rate, 
0.053  T/s  (Fig.  3).  The  sixth  and  last  quench  at  this  ramp 
rate  was  at  7.76  kA  (4.38  T  central  field),  approximately 
equal  to  the  short-sample  limit  of  the  cable  and  ~  10% 
above  the  4  T  design.  A  different  power  supply  was  used 
for  quenching  at  high  ramp  rate.  It  was  found  that  both 
the  magnet  and  this  supply  could  ramp  at  2  T/s,  twice  the 
design.  Quench  testing  was  carried  out  at  this  ramp  rate 
because  it  reduced  the  DC  heating  of  the  power  supply 
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Figure  3.  Quench  history,  showing  six  quenches  at 
0.05  T/s,  followed  by  two  at  2  T/s,  then  stable 
operation  at  7.5  kA.  The  horizontal  line  indicates  the 
estimated  short-sample  limit  of  the  magnet. 


leads,  one  of  the  power  supply  operational  limits.  The 
initial  part  of  the  program  to  measure  energy  losses  was  to 
cycle  the  magnet  to  7000  A.  It  quenched  a  few  moments 
after  reaching  7000  A  the  first  two  times  it  was  ramped  to 
this  current.  Subsequently  it  was  ramped  numerous  times 
to  currents  as  high  as  7500  A  (the  limit  of  the  supply)  at  2 
T/sec  without  quenching.  Thus,  the  magnet  has 
substantially  exceeded  the  quench  current  and  ramp  rate 
goals  of  the  GSI  design. 


5  FUTURE  PLANS 

Work  on  the  energy  loss  measurement  is  still  underway 
and  will  be  published  at  a  later  time. 

Since  this  work  was  initiated,  the  energy  of  the 
accelerator  has  been  increased  50%.  The  design  value  of 
the  dipole  central  field  has  been  increased,  to  6T,  a  value 
beyond  that  which  can  be  readily  achieved  in  a  magnet 
built  with  a  single  layer  coil.  Consequently,  future  plans 
for  BNL/GSI  work  now  focus  on  establishing  design 
principles  for  such  magnets. 

The  highest  priority  is  the  measurement  of  the  magnetic 
fields  during  the  1  T/s  ramp.  Development  of  the  new 
type  of  measurement  system  needed  for  this  is  underway. 
The  present  magnet  will  be  tested  in  supercritical  helium 
at  GSI.  The  addition  of  ventilation  holes  to  the  inner  edge 
of  the  cable  is  expensive,  and  at  least  one  magnet  should 
be  built  and  tested  to  de  ermine  whether  this  venting  is 
necessary.  The  use  of  two  cores  in  the  cable  became 
necessary  when  holes  in  cable  made  with  a  single  core 


were  found  in  the  core  near  the  keystoned  cable’s  narrow 
edge  at  the  places  where  the  wires  crossed.  Making  cable 
with  two  cores  is  more  difficult  that  making  them  with 
one  core,  so  some  further  development  was  undertaken, 
resulting  in  the  successful  production  of  cable  with  a 
single  core  but  no  holes.  To  reduce  losses  further,  strand 
with  3.5  mm  filaments  has  been  ordered. 

6  CONCLUSIONS 

A  model  magnet  for  the  GSI  SIS200  superconducting 
accelerator  has  been  rapidly  built  using  many  components 
from  the  BNL  RHIC  arc  dipoles.  It  has  been  successfully 
ramped  at  2  T/s,  forty  times  higher  than  the  RHIC  ramp 
rate  and  twice  the  design  goal,  to  4.38T,  above  the  4  T 
design  field. 
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BEAM  BASED  MEASUREMENTS  OF  HYSTERESIS  EFFECTS  IN 
FERMILAB  MAIN  INJECTOR  MAGNETS 


B.  C.  Brown*and  D.  P.  Capista,  Fermi  National  Accelerator  Laboratory*,  Batavia,  EL  60510,  USA 


Abstract 

Operation  of  the  Fermilab  Main  Injector  is  sensitive  to 
magnetic  field  differences  due  to  hysteretic  effects.  Mea¬ 
surements  using  the  beam  are  reported  with  various  cur¬ 
rent  ramps.  This  will  provide  magnetic  field  information 
for  accelerator  operations  with  better  ramp  control  than  is 
available  from  magnet  test  facility  data.  This  makes  possi¬ 
ble  improved  low  field  reproducibility  with  mixed  120  GeV 
and  150  GeV  operation  of  the  Main  Injector. 

OPERATIONAL  CONSIDERATIONS 

The  Fermilab  Main  Injector  is  a  multipurpose  syn¬ 
chrotron  designed  for  injection  at  8  GeV  and  extraction  at 
8,  120  or  150  GeV.  Protons  and  antiprotons  are  acceler¬ 
ated  to  150  GeV  for  injection  to  the  Tevatron  by  acceler¬ 
ating  them  in  opposite  directions.  Protons  are  accelerated 
to  120  GeV  and  extracted  in  a  single  turn  for  antiproton 
or  neutrino  production  and  resonantly  extracted  for  experi¬ 
ments  in  the  fixed  target  area.  Ramps  are  initiated  by  a  time 
line  generator  capable  of  synchronizing  the  Main  Injector 
with  the  Tevatron  and  other  Fermilab  machines.  Figure  1 
shows  a  time  line  with  typical  ramp  profiles  for  Main  In¬ 
jector  dipole  current.  This  figure  shows  cycles  for  antipro¬ 
ton  production  and  one  cycle  for  transfer  of  protons  to  the 
Tevatron.  The  Fermilab  physics  program  requires  changes 
in  the  mix  of  these  required  cycles  as  often  as  many  times 
per  day.  Conditions  with  no  120  GeV  cycles  and  conditions 
with  no  150  GeV  cycles  are  both  experienced. 

The  acceleration  ramps  are  specified  by  requesting  mo¬ 
mentum  vs.  time  and  using  a  model  of  the  magnetic  field 
response  to  specify  current  vs.  time[l]  based  on  the  mea¬ 
sured  magnetic  fields [2].  The  power  supply  system  uses 
measurements  of  the  current,  not  the  field  achieved,  for 
controlling  the  magnet  current  ramps.  Tune  control  is 
achieved  in  a  similar  fashion[3].  If  the  field  achieved  is  suf¬ 
ficiently  matched  to  the  specification,  the  RF  feedback  will 
accommodate  small  momentum  errors.  If  the  ramps  are 
sufficiently  reproducible,  tune  changes  can  be  programmed 
to  achieve  the  desired  tune.  It  was  expected  that  some  ad¬ 
justments  of  the  ramp  details  would  be  required  to  match 
the  current  ramps  to  the  required  magnet  response  through 
use  of  changes  in  the  hysteresis. 

Measurements  of  the  hysteresis  properties  of  the  Main 
Injector  magnets  were  carried  out  at  the  Fermilab  Magnet 
Test  Facility.  However,  the  power  supply  system  used  for 
these  measurements  had  only  unipolar  voltage  drive  so  the 
downramp  current  changes  were  limited  to  those  achieved 
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Figure  1 :  Main  Injector  Dipole  magnet  current  vs.  time  in 
seconds  in  typical  operation.  Upper  figure  shows  full  scale 
with  many  120  GeV  ramps  and  a  single  150  GeV  ramp. 
Lower  figure  expands  scale  to  show  reset  current  following 
120  and  150  GeV  ramps.  The  injection  porch  requires  a 
current  just  above  500  A. 


with  the  inductive  and  resistive  load  attached.  Even  in  lam¬ 
inated  magnets,  eddy  current  effects  would  be  expected  to 
modify  the  fields  achieved.  Thus,  we  expected  and  have 
found  that  the  hysteresis  depends  on  the  downramp  ramp 
rate  in  addition  to  the  dependence  on  peak  and  reset  cur¬ 
rents.  We  carried  out  studies  during  commissioning  to  de¬ 
termine  suitable  ramps  to  attempt  to  match  the  injection 
fields  achieved  after  120  and  150  GeV  ramps.  This  study 
extends  those  measurements  using  improved  software  and 
a  larger  variety  of  ramps. 
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Figure  2:  Orbit  on  standard  120  GeV  ramp  following  a 
ramp  with  130  GeV  peak  and  standard  -300  GeV/sec  down- 
ramp.  Reference  orbit  taken  on  standard  120  GeV  Ramp 
following  another  standard  120  GeV  ramp.  The  lower  plot 
shows  the  measured  orbit  difference  and  that  calculated  for 
a  difference  of  dp/p  =  -0.82  x  10"3.  The  upper  plot  shows 
the  difference  between  measured  and  calculated  orbits. 

MEASUREMENTS 

Ramp  Specification 

To  specify  the  ramp  properties  that  we  control  for  hys¬ 
teresis  measurements,  we  consider  the  following  ramps 
segments:  injection  porch,  upramp,  flattop,  downramp,  and 
reset.  The  reset  portion  extends  the  downramp  below  the 
injection  momentum  to  allow  a  portion  of  the  transition 
from  hysteresis  curve  of  downramp  type[2]toward  the  up¬ 
ramp  curve.  Since  the  approach  to  the  upramp  is  expo¬ 
nential,  if  the  reset  is  sufficiently  low,  the  injection  field 
changes  will  depend  linearly  on  small  reset  differences. 


The  desire  to  ramp  quickly  limits  the  reset  to  values  well 
above  zero. 

Measurement  Technique 

Since  we  currently  operate  many  120  GeV  antiproton 
production  cycles  for  each  150  GeV  cycle,  we  concentrate 
on  making  the  150  GeV  cycle  reset  appropriate  to  allow  the 
next  120  GeV  cycle  to  experience  the  same  injection  field 
as  those  on  120  GeV  cycles  which  follow  other  120  GeV 
cycles.  Using  the  190  Application  Program[4],  the  closed 
orbit  of  the  injected  beam  is  measured  after  injection  into 
fixed  rf  buckets  prior  to  initiation  of  rf  feedback.  The  beam 
is  injected  into  fixed  frequency  rf  buckets  so  the  closed  or¬ 
bit  is  set  by  the  rf  frequency  and  the  magnetic  field,  not 
by  the  injected  beam  momentum.  Analysis  of  the  orbit  in 
terms  of  fractional  momentum  error  is  accomplished  within 
the  program.  To  avoid  issues  of  Beams  Position  Monitor 
(BPM)  offsets,  each  data  set  is  compared  with  a  reference 
set  obtained  on  a  typical  120  GeV  acceleration  cycle.  Some 
measurements  show  orbit  differences  which  are  completely 
dominated  by  the  momentum  error  term  which  in  turn  re¬ 
flects  changes  in  the  mean  value  of  the  bend  field.  Others 
additionally  show  some  effects  of  dipole  magnet-to-magnet 
variations  and  tune  differences  or  other  focusing  effects. 
The  average  BPM  error  is  sensitive  to  the  momentum  offset 
and  independent  of  tune  or  other  errors  which  are  reflected 
in  the  RMS  BPM  error.  By  adjusting  the  momentum  error 
input  to  the  program  until  the  average  BPM  error  is  zero, 
one  can  find  the  momentum  offset  which  describes  a  data 
set. 

Data  and  Analysis 

Figure  2  shows  results  from  analysis  of  a  typical  orbit 
difference  measurement.  The  fitted  pattern  of  the  beam 


Fitted  Offset  at  6.4  GeV 


Linear  Fi!  of  dP/P  vs  Offset 


Figure  3:  Momentum  Offset  at  6.4  GeV  Reset  vs.  Peak 
of  Previous  Ramp  for  ramps  with  standard  -300  GeV/sec 
downramp.  Open  circle  for  -150  GeV/sec  downramp. 


Table  1 :  Fit  Momentum  Errors  for  6.4  GeV  Reset  from  lin¬ 
ear  fit  of  offset  vs  reset  for  sets  of  ramps  with  various  peak 
currents.  Where  downramp  rate  is  not  shown  it  includes 
segments  other  than  those  in  the  ramps  used  for  standard 
operation. 


Reset 

dp/p 

downramp  rate 

GeV/c 

xlO-3 

GeV/c/sec 

150 

-0.605 

-300  GeV/s 

130 

-0.142 

100 

-0.886 

50 

-0.416 

27 

-0.057 

150 

-0.731 

-300  GeV/s 

140 

-0.485 

-300  GeV/s 

130 

-0.370 

-300  GeV/s 

120 

-0.175 

-300  GeV/s 

100 

-2.927 

-300  GeV/s 

150 

-0.253 

-150  GeV/s 
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position  differences  is  characteristic  of  the  Main  Injector 
lattice  with  regions  of  regular  cells  interspersed  with  re¬ 
gions  designed  to  provide  zero  dispersion.  We  interpret  the 
fractional  dp/p  error  described  by  the  program  as  due  to  a 
hysteretic  change  in  the  bend  field  at  the  standard  injection 
current. 

For  a  set  of  peak  currents,  measurements  were  taken  us¬ 
ing  a  range  of  reset  currents.  The  fractional  momentum  er¬ 
ror  vs.  requested  reset  momentum  was  fit  to  a  straight  line 
and  the  fit  momentum  offset  for  a  6.4  GeV  reset  (that  used 
prior  to  the  120  GeV  cycle  reference  orbit)  was  obtained.  In 
Figure  3  we  show  these  offsets  for  measurements  with  peak 
currents  120  -  150  GeV  where  the  downramp  matched  the 
standard  operational  downramp  with  -300  GeV/sec  maxi¬ 
mum  slope.  Also  shown  is  the  fit  result  for  a  150  GeV  peak 
ramp  with  -150  GeV/sec  downramp. 

To  display  the  linear  dependence  of  the  fractional  bend 
field  error  (as  measured  by  the  orbit  dp/p)  on  reset  momen¬ 
tum,  we  subtract  the  fitted  offset  at  6.4  GeV  reset  from  the 
data  set  and  plot  it  vs .  requested  reset  momentum.  We  show 
the  full  range  of  our  measurements  in  the  lower  plot  of  Fig¬ 
ure  4  while  the  upper  plot  expands  the  scale.  We  see  that 
ramp-to-ramp  variations  up  to  ±0.2E-03  are  typical.  The 
fitted  dp/p  at  6.4  GeV  for  this  data  are  shown  in  Table  1. 
Included  are  several  sets  of  data  with  different  downramps 
and  data  with  peak  current  below  the  120  GeV  comparison 
ramp. 


Figure  4:  Fractional  momentum  error  of  following  120 
GeV  ramp  vs.  reset  for  various  peak  momenta.  Final  150 
GeV  set  used  slow  downramp.  Offset  at  6.4  GeV  reset  sub¬ 
tracted. 


CONCLUSIONS 

We  have  shown  that  Main  Injector  dipole  fields  at  the 
standard  injection  current  vary  in  the  expected  (approxi¬ 
mately  linear)  fashion  as  a  function  of  a  reset  current  on 
the  previous  ramp  cycle.  For  conditions  similar  to  the  stan¬ 
dard  150  GeV  operation  mixed  into  the  120  GeV  antiproton 
production  cycles,  we  find  a  regular  pattern  in  which  the 
the  offset  of  dp/p  for  a  6.4  GeV/c  reset  changes  by  about 
4  x  10~4  between  120  Gev  and  150  GeV  ramps.  The  150 
GeV  ramps  experience  a  more  negative  momentum  offset 
than  120  GeV  ramps.  Interpreted  as  a  change  in  the  field 
this  corresponds  to  0.4  Gauss  out  of  the  1000  Gauss  injec¬ 
tion  field.  The  remanent  field  of  Main  Injector  dipoles  is 
about  22  Gauss  so  peak  field  changes  modify  the  remanent 
by  about  1.8%.  We  interpret  this  to  indicate  that  the  higher 
peak  field  sets  a  remanent  field  which  is  lower.  This  then 
requires  a  higher  reset  momentum  (less  of  a  transition  re¬ 
quired). 

The  consistency  among  measurements  provides  evi¬ 
dence  that  this  control  of  the  reset  allows  one  to  modify  the 
hysteretic  portion  of  the  injection  field.  Nevertheless,  the 
values  obtained  in  this  study  are  different  than  have  been 
found  optimal  for  operational  ramps  which  we  interpret 
to  imply  that  additional  details  of  the  ramps  (dl/dt,  flattop 
time. . . )  may  also  affect  the  hysteretic  remanent  field.  At 
present,  control  of  the  reset  value  at  the  end  of  each  ramp 
provides  adequate  control  of  the  injection  field  in  mixed 
120  and  150  GeV  operation. 

It  had  been  observed  that  timelines  with  only  150  GeV 
ramps  required  changes  of  «  6  Mev/c  in  the  injection  field 
compared  with  those  with  only  120  GeV  ramps.  Resets  for 
both  ramps  had  been  set  to  6.7  GeV/c.  In  October  2002  the 
reset  for  the  120  GeV  ramps  was  set  to  6.4  GeV/c  and  injec¬ 
tion  was  tuned  up  for  that  value.  Examination  of  the  results 
in  Figure  4  would  suggest  this  would  create  a  change  of 
about  8  x  10 ~4  (7  MeV/c).  We  note  that  these  injection 
currents  no  longer  have  to  be  changed  when  making  this 
timeline  change. 
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Abstract 


A  new  Lambertson  magnet  has  been  constructed  for  use 
at  the  downstream  end  of  the  Fermilab  400  MeV  Linac.  To 
reduce  costs,  the  core  is  composed  of  laminations  left  over 
from  the  Main  Injector  dipoles  with  a  round  hole  through 
one  pole  face.  In  contrast  with  more  conventional  Lam¬ 
bertson  designs,  the  magnet  is  excited  by  two  coils  located 
above  and  below  the  field  region.  The  integrated  transverse 
fringe  field  at  the  end  of  the  field-free  region  is  minimized 
using  a  pole  piece  extension  with  75%  packing  factor  fol¬ 
lowed  by  a  thick  flux  return  plate.  The  relatively  low  pack¬ 
ing  factor  prevents  saturation  of  the  extension  by  the  re¬ 
turn  flux  while  preserving  the  odd  longitudinal  symmetry 
of  the  transverse  flux  distribution.  Measurements  show  bet¬ 
ter  than  an  order  of  magnitude  reduction  of  the  integrated 
transverse  field,  in  good  agreement  with  simulations. 

INTRODUCTION 

In  this  paper,  we  present  the  design  rationale  and  the  re¬ 
sult  of  simulations  and  measurements  performed  on  a  new 
magnetic  septum  magnet  of  the  Lambertson  type.  This 
magnet  will  be  located  at  the  downstream  end  of  the  Fer¬ 
milab  400  MeV  linac.  By  default,  the  linac  H"  beam  cir¬ 
culates  through  the  field-free  region  of  the  magnet,  into 
a  spectrometer  magnet  and  finally,  to  a  beam  dump.  For 
injection  into  the  Booster  synchrotron,  the  beam  is  first 
kicked  vertically  into  the  bending  region  of  the  Lambertson 
and  then  horizontally  into  an  injection  stripping  chicane. 

Historical  Background 

In  1993,  the  Fermilab  Linac  was  upgraded  from  200  to 
400  MeV  by  replacing  the  last  four  tanks  of  the  original 
drift-tube  Linac  (which  provided  acceleration  from  1 16  to 
200  MeV)  with  805  MHz  side-coupled  cavities  (four  times 
the  original  frequency).  Raising  the  Booster  injection  en¬ 
ergy  reduced  emittance  growth  by  providing  a  reduction 
in  space-charge  tune-shift  and  improvements  in  magnetic 
field  quality  by  reducing  the  relative  importance  of  rema¬ 
nent  magnetization  and  eddy  currents.  Coincidentally  with 
commissioning  of  the  upgraded  linac,  production  of  new 
dipole  magnets  for  the  Main  Injector  had  just  begun.  Be¬ 
cause  of  a  tight  schedule  and  a  desire  to  minimize  costs,  a 
DC  Lambertson  magnet  was  build  using  readily  available 
Main  Injector  dipole  laminations.  Since  the  beam  circulat¬ 
ing  through  the  field-free  region  is  directed  to  a  dump,  min¬ 
imum  attention  was  paid  to  end  field  effects  beyond  the  ad- 
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dition  of  crude  shielded  extensions.  Not  surprisingly,  it  was 
later  found  that  despite  the  presence  of  these  extensions, 
the  dipole  kicks  experienced  by  the  beam  in  the  end  re¬ 
gions  remained  substantial  enough  to  steer  the  beam  away 
from  the  dump.  Dipole  correctors  were  installed;  however, 
both  operationally  and  from  a  safety  point  of  view,  they  are 
somewhat  of  a  nuisance  because  the  excitations  need  to  be 
carefully  readjusted  following  every  shutdown.  A  decision 
was  made  to  build  an  improved  version  of  the  magnet,  with 
the  constraint  that  the  lamination  geometry  should  not  be 
modified. 

DESIGN  CONSIDERATIONS 

Lambertson  magnets  are  typically  used  for  extraction  in 
high  energy  machines.  For  this  application,  the  normally 
circulating  beam  traverses  a  field-free  region,  basically  an 
opening  carved  into  one  of  the  poles  of  a  dipole  magnet. 
At  extraction,  an  upstream  pulsed  kicker  magnet  moves  the 
beam  vertically  (horizontally)  into  the  dipolar  field  region 
(i.e.  the  so-called  bending  region)  where  it  is  deflected  hor¬ 
izontally  (vertically)  into  an  extraction  beamline.  In  prac¬ 
tice,  kicker  magnets  have  limited  strength,  and  the  mag¬ 
netic  septum  needs  to  be  as  thin  as  possible.  The  minimum 
thickness  is  obviously  limited  by  saturation  which  causes 
penetration  of  the  flux  into  the  field-free  region.  To  retard 
the  onset  of  saturation,  the  field  free  region  opening  of¬ 
ten  has  a  characteristic  V-shaped  notch  to  take  maximum 
advantage  of  the  smaller  diameter  of  the  (higher  energy) 
extracted  beam. 

The  Lambertson  magnet  described  in  the  paper  is  used 
for  injection.  The  field-free  opening  has  a  simple  44.5 
mm  (1.75  in)  diameter  circular  shape  to  accommodates  a 
5  mm-mr  (95%)  beam.  At  400  MeV,  kicker  strength  is  less 
of  an  issue  and  the  magnetic  septum  has  a  minimum  thick¬ 
ness  of  5.56  mm  (0.219  in).  Furthermore,  since  the  beam 
makes  only  a  single  pass  through  the  field-free  region,  field 
quality  requirements  are  not  as  stringent  as  they  would  be 
for  a  storage  ring. 

An  important  consideration  for  Lambertson  magnets  is 
the  effect  of  fringe  field  in  the  end  regions.  Magnetic  flux 
lines  originating  from  the  opposite  pole  have  a  tendency  to 
terminate  on  the  interior  of  the  field-free  opening  since  it 
is  at  the  same  magnetic  potential  as  the  pole  it  is  carved 
into.  If  no  special  measures  are  taken,  a  strong  transverse 
magnetic  field  is  present  at  the  extremities  of  the  field-free 
region.  Since  this  field  has  an  asymmetric  and  nonlinear 
dependence  on  radial  offset,  its  presence  can  lead  to  seri¬ 
ous  perturbations.  To  mitigate  fringe  field  effects,  two 
approaches  are  possible.  The  obvious  one  is  a  complete 
suppression  of  the  fringe  field.  This  can  be  accomplished 
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Figure  1:  View  of  an  extremity  with  the  end  plate  removed. 


Figure  2:  Shield  plate  at  the  lead-end  extremity. 


by  making  the  surface  of  the  pole  containing  the  field-free 
region  completely  fiat,  extending  it  a  few  gap  lengths  be¬ 
yond  the  end  of  the  other  pole  and  by  providing  a  high  per¬ 
meability  path  for  the  flux  to  return  before  it  reaches  the 
edge  of  field-free  aperture  [3],  The  second  possibility  is  to 
force  the  magnetic  field  in  the  end  regions  to  be  predom¬ 
inantly  longitudinal  [1,2].  This  can  be  done  by  placing  a 
thick  shield  (a  steel  plate  which  mirrors  the  field-free  open¬ 
ing)  at  a  small  distance  away  from  the  end  of  the  magnet. 
The  flux  leaves  one  of  the  poles  and  enters  the  shield  at 


Figure  3:  Shield  plate  at  the  non  lead-end  extremity. 


normal  incidence;  it  then  circulates  around  the  openings 
and  back  into  the  opposite  pole.  If  the  plate  permeability 
is  high,  its  surface  is  a  magnetic  equipotential  and  the  field 
vanishes  downstream  from  it.  In  the  gap  between  the  end  of 
the  field-free  region  and  the  corresponding  opening  in  the 
shielding  plate,  the  magnetic  field  has  a  transverse  com¬ 
ponent.  However,  the  latter  possesses  an  odd  longitudinal 
symmetry  with  respect  to  the  center  of  the  gap.  In  practice, 
this  symmetry  becomes  more  exact  as  the  distance  between 
the  pole  end  and  the  shielding  plate  is  reduced,  the  rele¬ 
vant  dimension  being  the  thickness  of  the  septum.  Making 
the  gap  very  small  is  generally  not  an  option  because  it  in¬ 
creases  the  flux  circulating  through  the  shield  and  saturates 
it,  rendering  it  ineffective.  To  preserve  both  the  odd  lon¬ 
gitudinal  symmetry  of  the  transverse  magnetic  field  and  to 
avoid  saturation  of  the  shield  plate,  the  space  between  the 
end  of  the  field-free  region  and  the  plate  can  be  filled  with 
(magnetically)  loosely  packed  laminations. 

Because  it  was  not  possible  to  modify  the  existing  mag¬ 
net  core,  the  second  approach  was  selected.  Magnetic 
shielding  plates  were  build  out  of  solid  7.6  cm  (3  in)  thick 
steel.  To  allow  for  in-tunnel  assembly  and  disassembly, 
each  plate  is  made  out  of  two  pieces  approximately  of  the 
same  size,  horizontally  joined  together.  At  both  magnet  ex¬ 
tremities,  the  field-free  pole  is  extended  by  9.8  cm  (3.850 
in)  using  alternating  laminations  of  1.5  mm  (0.0598  in) 
steel  and  0.5  mm  (0.020  in)  G-10,  yielding  a  75%  pack¬ 
ing  fraction.  The  shielding  plate  mechanically  rests  on  the 
end  of  the  extension. 

SIMULATIONS  AND  MEASUREMENTS 

To  model  the  magnet  and  optimize  the  shield  thickness 
and  the  packing  factor  of  the  field-free  pole  extension,  we 
used  OPERA3D  [4],  a  standard  FEM  magnetostatics  code. 
Only  one  end  was  modeled,  assuming  a  somewhat  simpli¬ 
fied  end  plate  geometry  very  similar  to  that  of  the  entrance 
plate  (lead-end).  Note  that  the  exit  plate  geometry  is  some¬ 
what  different  due  to  the  large  bend  angle  (9.9  deg)  and 
the  need  to  accommodate  vacuum  connections  and  other 
neighboring  hardware.  The  shielding  plate  geometries  are 
shown  in  Figures  2  and  3.  To  gain  some  confidence  and  as 
a  reference  to  assess  the  effectiveness  of  the  end  effect  mit¬ 
igation  scheme,  we  first  measured  and  modeled  a  bare  rect¬ 
angular  end  as  shown  in  Fig.  1.  The  results  are  presented 
in  Fig  4.  Following  a  few  iterations  (both  computational 
and  experimental)  a  satisfactory  geometry  was  attained.  It 
is  likely  that  further  optimization  could  lead  to  even  better 
performance,  but  this  was  not  pursued.  Figure  5  shows  con¬ 
tours  of  the  magnetic  field  magnitude  in  a  shielding  plate 
which  does  not  have  sufficient  thickness.  The  area  where 
saturation  occurs  (in  red)  indicates  the  importance  of  pro¬ 
viding  enough  width.  When  the  plate  is  not  magnetically 
equipotential,  a  characteristic  long  transverse  field  tail  is 
produced.  Figure  6  shows  measured  (using  a  Hall  probe) 
and  computed  transverse  magnetic  field  at  the  end  of  the 
field-free  region  for  the  final  geometry  (the  origin  coincides 


2169 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


TU.101  No  End  Pack 


TLL101  Measured  Transverse  Field  (Lead  End) 


Figure  4:  Measured  transverse  magnetic  field  in  absence  of 
endpacks .  The  integrated  magnetic  field  is  240  G-m.  The 
calculated  field  is  also  shown  for  comparison . 


Figure  5:  Calculated  flux  magnitude  distribution  in  the 
shielding  plate,  assuming  a  field-free  extension  of  4. 125  in, 
75%  packing  factor  and  a  plate  thickness  ofO.  75  in. 


with  the  surface  of  the  shielding  plate).  At  the  center  of  the 
field-free  region,  the  field  is  almost  exclusively  longitudi¬ 
nal.  At  ±0.375  in  vertical  offset,  a  pattern  resulting  from 
the  curving  of  the  field  lines  near  the  edges  of  the  circular 
aperture  is  observed.  The  odd  symmetry  is  nearly  perfect 
in  the  direction  away  from  the  septum  and  a  little  bit  worse 
in  the  opposite  direction.  Compared  with  a  simple  rectan¬ 
gular  end,  the  measured  integrated  transverse  field  strength 
is  reduced  by  a  factor  of  12  i.e.  from  240  to  19  G-m. 


DISCUSSION  AND  CONCLUSION 

Reduction  of  fringe-field  effects  at  the  extremities  < 
the  field-free  region  of  a  Lambertson  magnet  is  a  commc 
problem.  The  strategy  presented  in  this  paper  allows  one ; 
reduce  the  magnitude  of  the  transverse  field  perturbation  t 
one  and  possibly  up  to  two  orders  of  magnitude.  Howeve 
a  longitudinal  component  of  roughly  the  same  amplituc 
as  the  uncorrected  transverse  one  remains.  In  applicatioi 


Figure  6:  Transverse  magnetic  field  in  the  field-free  region 
measured  at  different  radial  offsets. 


TLL101  Measured  Longitudinal  Field 


Figure  7:  Measured  longitudinal  magnetic  field  in  the  field- 
free  region.  The  calculated  field  is  also  shown  for  compar¬ 
ison . 


where  the  beam  normally  circulates  through  the  field-free 
region,  the  presence  of  this  longitudinal  component  may 
introduce  small  amounts  of  transverse  coupling  and  focus¬ 
ing  whose  impact  on  beam  dynamics  needs  to  be  quantified 
and  taken  into  consideration. 
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Abstract 

In  order  to  study  a  dynamical  property  of  a  vertical  in¬ 
stability,  we  have  developed  a  pulse  octupole  magnet  sys¬ 
tem.  The  magnet  can  be  operated  with  magnetic  field  rise 
and  fall  time  of  around  1.2msec,  respectively.  The  maxi¬ 
mum  integrated  field  strength  reach  up  to  2600T/m2.  We 
measured  the  dynamical  behavior  of  the  vertical  instability 
using  the  pulse  octupole  magnet  for  a  multi-bunch  beam  of 
400mA.  We  found  that  the  growth  time  of  the  instability 
was  longer  than  the  suppression  time. 

INTRODUCTION 

In  the  Photon  Factory  Storage  Ring,  a  vertical  instability 
is  observed  in  a  multi-bunch  operation  mode.  The  insta¬ 
bility  can  be  suppressed  by  DC  octupole  magnetic  field  in 
routine  operation.  It  seems  that  the  instability  is  caused  by 
ion  trapping  effect,  the  operating  parameters  in  routine  op¬ 
eration  are  near  the  threshold  of  it,  and  Landau  damping 
caused  by  octupole  filed  is  suppressed  the  instability  [1]. 

In  order  to  study  the  dynamical  behavior  of  the  instabil¬ 
ity,  we  developed  a  pulse  octupole  magnet  system  which 
can  produce  the  octupole  field  with  rise  and  fall  time  of 
around  1.2msec.  We  installed  the  magnet  system  in  the  PF- 
ring,  and  have  made  a  detailed  study.  In  this  paper,  we  de¬ 
scribe  the  design  performance,  the  results  of  magnetic  filed 
measurement  and  preliminary  results  of  a  measurement  for 
the  behavior  of  the  instability. 

PULSE  OCTUPOLE  MAGNET  SYSTEM 

The  pulse  octupole  magnet  system  can  provide  a  oc¬ 
tupole  magnetic  field  with  rise  and  fall  time  of  around 
1.2msec,  respectively.  The  principal  parameters  are  given 

Table  1:  Principal  parameters  of  the  pulse  octupole  magnet 
system. _ 


Parameter 

Value 

Maximum  field  gradient  (peak) 

11700  T/m3 

Maximum  peak  current 

±100  A 

Maximum  peak  voltage 

±285 V 

Bore  diameter 

80  mm 

Core  length 

0.20  m 

Effective  length 

0.22  m 

Self  inductance 

3.34  mH 

*  E-mail  address:  tsukasa.miyajima@kek.jp 
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Figure  1 :  Cross  sectional  view  of  the  pulse  octupole  mag¬ 
net. 


in  Table  1.  It  consists  of  a  magnet,  a  ceramic  duct  and  a 
power  supply. 

Pulse  Octupole  Magnet 

The  pulse  octupole  magnet  was  designed  by  the  use 
of  a  computer  code  POISSON  to  realize  the  maximum 
field  gradient  of  11700  T/m3  at  the  excitation  current  of 
1000A -turns  and  the  self  inductance  of  about  3mH.  In  or¬ 
der  to  realize  the  high  field  gradient,  the  bore  diameter  of 
the  magnet  was  designed  to  be  80mm.  To  reduce  the  in- 


Figure  2:  Photograph  of  the  pulse  octupole  magnet  in¬ 
stalled  in  the  PF  ring. 
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ductance,  it  was  determined  that  the  turn  number  of  the 
coil  was  10  tums/poles,  then  the  calculated  inductance  was 
3.24mH,  and  the  measured  inductance  was  3.34mH. 

Cross  sectional  view  and  photographs  of  the  pulse  oc- 
tupole  magnet  are  shown  in  Fig.  1  and  2.  The  iron  core  is 
made  of  the  0.5mm  thick  silicon  steel  lamination  and  the 
length  of  the  iron  core  is  0.2m. 

Ceramic  Duct 

A  ceramic  duct,  as  shown  in  Fig.  3,  was  adopted  to  avoid 
problems  of  the  eddy  currents.  In  order  to  reduce  a  beam 
coupling  impedance,  inner-side  of  the  duct  was  coated  with 
Ti  of  5fim  thick.  The  coating  was  connected  with  the  both 
ends  of  Fe-Ni-Co  flange(see  Fig.  3).  The  duct  caused  no 
problems  in  both  single  and  multi  bunch  operation.  The 
temperature  of  the  duct  was  not  raised  practically,  when  a 
single  bunch  beam  of  70mA  was  stored. 

An  absorber  was  placed  at  upper  side  of  the  pulse  oc- 
tupole  magnet  in  order  to  prevent  the  synchrotron  radiation 
from  impinging  on  the  duct. 


with  Ti-Mo  coating  :  5  - 10  ^in 


Figure  3:  Ceramic  duct  coated  Ti-Mo. 


Power  Supply 

Since  the  inductance  of  the  magnet  is  about  3mH,  to  ex¬ 
cite  the  magnet  with  1 .2msec  to  maximum  current  of  100A, 
the  power  supply  must  output  maximum  voltage  of  about 
280V.  In  order  to  realize  the  magnetic  field  rise  and  fall 
time  of  around  1.2msec,  the  power  supply  was  designed 
to  be  maximum  current  of  100 A  and  maximum  voltage  of 
285V. 


FIELD  MEASUREMENT 

The  field  measurement  of  the  pulse  octupole  magnet  was 
performed  using  two  method:  a  harmonic  coil  method  for 
static  magnetic  field  and  hall  sensor  for  pulse  magnetic 
field. 

DC  Octupole  Field 

The  static  field  measurement  of  the  pulse  octupole  mag¬ 
net  was  performed  using  DC  power  supply  and  a  harmonic 
coil  that  consisted  of  the  long  coil  to  measure  integrated 


Figure  4:  Excitation  curve  of  pulse  octupole  magnet. 


field  and  the  short  coil  to  measure  center  field.  Fig.  4 
shows  the  excitation  curves  of  the  integrated  octupole  field. 
The  maximum  integrated  field  was  2623T/m2  and  the  max¬ 
imum  field  gradient  of  the  magnet  center  was  11695T/m3 
at  the  excitation  current  of  100A.  The  effective  magnetic 
length,  which  was  calculated  from  the  measured  value  of 
the  center  and  the  integrated  field,  was  0.22m. 

Pulse  Octupole  Field 

The  response  of  the  pulse  magnetic  field  was  mea¬ 
sured  using  a  hall  sensor.  The  sensor  was  set  at  x  = 
— 30mm(horizontal  plane)  and  y  =  0mm(vertical  plane) 
inside  the  magnet.  The  pulse  signal  of  set  current  consists 
of  the  magnetic  field  rise  up  time  of  1.2msec,  flat  top  time 
of  2.4msec  and  fall  down  time  of  1.2msec.  In  order  to  in¬ 
vestigate  the  effect  of  eddy  current,  the  field  measurement 
was  performed  under  two  conditions:  with  a  test  aluminum 
duct  of  15/im  thick  inside  the  magnet  and  with  out  the  duct. 
The  response  of  the  magnetic  field  at  the  excitation  current 


A1 :  15jim  (x  =  -30.0mm,  y  =  0.0mm,  z  =  74.5mm) 


o 


Figure  5:  The  response  of  the  pulse  octupole  magnet. 
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Figure  6:  Measured  delay  time  of  the  pulse  octupole  filed 
from  the  set  current  signal  with  and  without  the  test  alu¬ 
minum  duct  of  15^m  thick.  The  set  current  signal  is  shown 
in  Fig.  5. 

of  100 A  with  the  test  aluminum  duct  is  shown  in  Fig.  5. 
The  measured  magnetic  field  was  delayed  about  0.16/xsec 
form  the  set  signal.  The  delay  time  with  and  without  the 
test  aluminum  duct  is  shown  in  Fig.  6. 

MEASUREMENT  OF  BEAM  INSTABILITY 

In  order  to  measure  the  behavior  of  the  beam  instabil¬ 
ity  when  the  pulse  octupole  field  is  excited,  we  measured 
the  beam  spectrum  from  a  button-type  electrode  using  real¬ 
time  spectrum  analyzer.  We  set  the  ring  parameter  in  the 
vicinity  of  the  threshold  of  the  instability  suppression.  Un¬ 
der  this  condition,  the  instability  was  suppressed  when  only 
the  pulse  octupole  magnet  was  excited. 

Fig.  7  shows  the  beam  spectrum  in  the  vicinity  of  the 
second  harmonic  of  the  rf  frequency  frf  when  we  excited 
the  pulse  octupole  magnet  at  100A.  The  beam  current  was 
400mA  with  280  bunches.  Fig.  8  shows  power  of  the  verti¬ 
cal  instability  at  2/rf  -  /rev  +  f/3y,  where  /rev  and  f$y  are 
the  revolution  and  the  vertical  betatron  frequency,  respec¬ 
tively.  After  excitation  of  the  magnet,  the  power  spectra  of 
the  instability  decreased,  namely,  the  instability  was  sup¬ 
pressed.  After  50msec,  the  instability  was  grown  slowly 
compared  with  to  suppress  it. 

SUMMARY 

We  developed  the  pulse  octupole  magnet  system  at  the 
Photon  Factory  storage  ring.  The  magnet  system  satisfied 
design  performance:  the  rise  and  fall  time  of  the  magnetic 
field  was  1.2msec  and  the  maximum  integrated  octupole 
field  strength  reached  2600T/m2.  We  obtained  preliminary 
results  of  a  measurement  for  the  dynamical  behavior  of  the 
instability.  We  will  study  the  dependence  of  the  instability 
on  beam  current  and  fill  pattern  of  the  bunch  train. 


beam  unstable  state  (t  =  0msec) 


Frequency  (Hz)  x  ^9 


Figure  7:  Beam  spectrum  from  a  button-type  electrode 
when  the  pulse  octupole  magnet  was  excited  at  100A.  The 
beam  current  was  400mA  with  280  bunches,  (a)  The  spec¬ 
trum  when  the  vertical  instability  was  excited  at  t  =  0msec 
in  Fig.  8.  (b)  The  spectrum  when  the  instability  was  sup¬ 
pressed  at  t  =  20msec. 
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Figure  8:  Power  of  the  vertical  instability  at  2 /rev  -  /rf  + 
fj3y  The  pulse  octupole  magnet  was  excited  at  100A  from 
t  =  8msec  to  12.8msec. 
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Abstract 

Traditional  means  of  core  fabrication  are  to  glue  the 
laminations  or  weld  them  to  form  the  yoke  structure. 
These  means  result  in  good  yoke  assemblies  for  shorter 
(<0.6  meter)  magnets.  However,  because  of  weld 
distortions  or  mechanical  strength  limitations,  welding 
and/or  gluing  techniques  result  in  cores  with  poor 
mechanical  precision  or  limited  mechanical  strength  for 
longer  cores.  The  SPEAR3  gradient  dipole  magnets  are 
up  to  1.45  meters  long  and  require  distortions  of  <0.05 
mm.  Therefore,  the  SPEAR3  gradient  dipole  core  design 
incorporated  an  assembly  technique,  originally  devised 
for  the  PEPI  Insertion  quadruples  and  later  adapted  for 
the  ALS  gradient  magnets.  This  technique  involves 
fabricating  a  rigid  frame  for  the  core,  precisely  stacking 
and  compressing  the  laminations  using  hydraulic  jacks 
and  granite  surfaces  and  straight  edges,  and  fixing  the 
laminations  in  the  frame  by  filling  the  grooves  between 
the  laminations  and  frame  using  steel  loaded  epoxy. 
Although  this  technique  has  been  used  in  the  past,  it  has 
never  been  fully  described  and  published.  This  paper  is 
written  to  provide  a  detailed  description  of  the  procedure 
and  to  present  measurement  data  demonstrating  the 
mechanical  precision  and  stiffness  of  the  resulting 
product. 


CORE  CONFIGURATION 


Figure  1.  SPEAR3  Gradient  Dipole  Core  Configuration 

As  shown  in  figure  1  above,  the  laminated  dipole  core 
consists  of  a  rigid  box  frame  which  is  assembled  from 


five  tension  plates  and  two  solid  end  plates.  The  tension 
plates  are  bolted  and  dowel  pinned  to  end  plates.  After 
the  laminations  are  stacked  and  compressed  in  the  frame, 
steel  loaded  epoxy  is  injected  into  the  grooves, 
permanently  fixing  the  laminations  in  the  frame.  The 
frame  is  designed  to  take  all  the  bending  and  twisting 
stresses  due  to  the  weight  of  the  laminations  and  the 
points  of  support. 


CORE  STACKING 


Figure2.  Dipole  Core  Stacking 


As  shown  in  the  figure  2  above,  two  side  tension  plates 
(top  and  bottom  plates)  are  assembled  to  one  of  the  end 
plates  of  the  core  and  tension  device.  The  laminations 
and  the  second  end  pack  are  then  stacked  inside  of  this 
frame  assembly  and  indexed  to  granite  surface  and  granite 
straight  edge  to  ensure  straightness  of  the  core.  The 
laminations  are  periodically  flipped  about  their  axes  in 
order  to  maintain  mechanical  symmetry.  Several 
compression  stages  are  required  as  the  length  is  built  up. 
During  the  intermediate  compression  stages,  adjustment 
of  hydraulic  jacks’  extension  is  required.  The  final  end 
pack  and  solid  end  plate  are  then  installed  and  the  whole 
assembly  is  compressed  until  the  core  required  length  and 
packing  fraction  is  achieved.  Bolts  and  dowels  are  finally 
installed.  The  final  hydraulic  pressure  is  chosen  to 
achieve  the  following  goals:  a.  the  laminations  are 
brought  up  “metal  to  metal”;  b.  the  laminations,  which  are 
slightly  warped,  are  flattened;  c.  compression  is  continued 
until  the  packing  fraction  is  no  less  than  97.5%. 
Excessive  compression  will  cause  laminations  to  move 
laterally  and  cause  the  final  core  to  exceed  the 
straightness  and  flatness  specification.  Figure  3  below 
shows  the  actual  compression  pressure  achieved  during 
SPEAR3  dipole  109D-31  core  assembly. 


Figure3.  Stacking  Compression 
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DEVCON 

Devcon- 10230  Plastic  Steel  Liquid  (B)  was  selected  for 
SPEAR3  gradient  dipole  core  injection.  The  viscosity  of 
this  material  is  very  sensitive  to  the  environment 
temperature.  Low  room  temperature  will  cause  problems 
when  injecting  through  the  long  application  tube.  An 
ambient  temperature  between  72  -  75  °F  was  required 
during  SPEAR3  gradient  dipole  production. 

For  the  best  deaeration,  the  Devcon  epoxy  (both  epoxy 
and  hardener)  were  pre-heated  to  90  °F  before  mixing  in  a 
small  temperature  controlled  oven  for  a  minimum  of  half 
hour.  This  procedure  allowed  epoxy  to  out-gas  trapped 
air  to  prevent  voids.  One  should  pay  attention  to  the 
product  number  of  the  hardener.  It  may  different  for  the 
same  epoxy  depending  on  the  size  of  the  epoxy  container. 

DEVCON  INJECTION 


Front  or  Back  Tension  Plate  Ton  or  Bottom  Tension  Plate 

Figure4.  Restrain  Devcon  Flow 

Before  injecting  Devcon,  the  V-Groove  surfaces  were 
roughened,  cleaned,  dried  and  freed  of  residual  oils.  The 
gaps  between  tension  plates  and  laminations  were  sealed 
to  prevent  Devcon  epoxy  from  flowing  out  of  the  grooves. 
Figure  4  shows  two  sealing  methods  which  were  used  for 
tension  plates  at  front  and  back,  top  and  bottom 
respectively. 


As  shown  in  figure  5,  IHEP  workshop  used  standard 
Duct  tape  to  seal  both  ends  of  V-Grooves,  at  the  end 
where  the  injecting  tube  inserts,  an  “X”  shape  was  cut  to 
allow  the  tube  to  past  through  the  Duct  tape.  This  “X” 
shape  cut  acted  as  a  spill  barrier  when  the  injecting  tube 
was  withdrawn  from  the  end  of  the  V-Groove.  IHEP 
workshop  used  transparent  Scotch  tape  to  seal  the  outer 
surface  of  the  seam  between  the  tension  plates  and  the 
laminations  to  prevent  the  Devcon  from  spilling  out.  This 
transparent  tape  also  helped  locate  the  Devcon  epoxy  tube 
end  position  while  epoxy  was  being  injected  into  the  V- 
Groove  and  the  tube  was  being  withdrawn. 

Before  injecting,  an  operator  gently  squeezes  the  handle 
of  the  injection  gun  to  fill  the  applicator  tube  with  Devcon 
epoxy  until  the  Devcon  epoxy  starts  to  come  up  through 
the  end  of  the  tube.  The  tube  is  then  immediately  inserted 


into  the  far  end  of  V-Groove.  The  pressure  used  for 
dipole  core  injection  was  approximately  45  psi,  resulting 
in  injecting  period  (about  5  min.  for  one  groove).  Higher 
pressure  would  break  Duct  or  Scotch  tape  seal.  Two 
technicians  were  needed  during  this  operation.  One 
technician  operated  the  gun  while  the  second  technician 
observed  the  flow  of  the  Devcon  through  the  transparent 
Scotch  tape  and  guided  the  applicator  tube  end  position. 
Devcon  epoxy  boundary  was  always  kept  25mm  ahead  of 
applicator  tube  front  end;  this  guaranteed  no  air  was 
entrained  in  the  groove  during  the  injecting  procedure. 
Each  gradient  dipole  full  length  V-Groove  Devcon  seam 
was  completed  as  one  continuous  pass  from  start  to  finish 
without  stopping.  As  the  applicator  tube  was  withdrawn 
at  the  end  of  the  core,  the  end  of  the  seam  was  sealed  with 
an  additional  piece  of  Duct  tape  to  contain  the  Devcon 
epoxy  in  the  V-Groove  until  it  cured.  Leakage,  such  as 
leakage  from  Scotch  tape,  Duct  tape,  RTV  or  O  ring  seal 
was  not  allowed,  to  prevent  voids  in  the  filler.  Voids 
were  undesirable  since  they  compromised  the  bond 
between  the  laminations  and  the  tension  plate. 

MECHANICAL  QUALITY 

Figures  6  and  7  shows  the  mechanical  tolerance 
requirements  of  SPEAR3  gradient  dipole  core  both  for 
145D  and  109D.  Charts  1  and  2  are  measurement  results 
of  those  requirements.  One  can  see  that  all  measurement 
results  stayed  within  the  tolerance  zone. 


Fieure6.  Dinole  Core  Tolerance  Requirement 


Max.  Sog  Measured  an  Pole  Suiface  (req.  less  lhan  O.OQrorrO 
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Figure7.  Dipole  Core  Max.  Sag  Measurement 


Chart  1.  Dipole  Core  Squareness  Measurement  Result 
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Chart2.  Dipole  Core  Max.  Sag  Measurement  Result 


CONCLUSION 

Considering  the  length  and  size  of  SPEAR3  gradient 
dipole,  the  achievement  of  the  mechanical  tolerances  of 
40ea  SPEAR3  gradient  dipoles  is  very  impressive.  Also, 
from  the  practical  and  cost  point  of  view,  Devcon 
application  is  easier  to  perform  and  results  in  straighter 
cores  than  the  traditional  welding  methods.  As  long  as  the 
core  squareness  has  been  reached  by  the  end  of  the 
stacking,  it  will  not  deform  during  epoxy  cure.  The 
traditional  welding  process  would  require  highly  skilled 
welders  and  careful  weld  sequencing  to  avoid  thermal 
distortions.  Even  if  low  distortion  welding  sequences  are 
developed,  they  can  be  difficult  to  reproduce  with 
different  welders.  The  technique  of  Devcon  application  is 
relatively  easy  to  leam  by  inexperienced  technicians. 
What  he/her  needs  to  do  is  just  to  strictly  follow  the 
written  specifications  step  by  step;  a  consistent  result  will 
be  achieved  each  time. 

One  dipole  145D-09  dropped  out  the  truck  accidentally 
during  in  site  transfer  at  SLAC,  all  six  coils  were 
damaged.  This  accident  gave  us  a  unique  opportunity  to 
test  the  stiffness  of  Devcon  bonded  core.  145D-09  was 
sent  back  to  IHEP  for  repairs.  IHEP  inspector  re¬ 
measured  the  core  when  receiving  the  damaged  145D-09. 
From  chart  1  one  can  see  that  the  perpendicularities 
(tolerance  #2  and  #4  in  figure6)  stayed  the  same  as  it  was, 
die  flatness  of  surface  B  (tolerance  #3  in  figure6)  slightly 
increased  about  0.025mm,  the  parallelism  (tolerance  #1  in 
figure6)  jumped  about  0.2mm.  These  measurement 
results  showed  that  the  core  squareness  was  well 
preserved  under  severe  impact,  and  demonstrated  that  the 
bonding  between  laminations  and  tension  plates  were  very 
strong.  IHEP  installed  new  coils  to  dipole  145D-09  and 
used  the  old  core.  Chart3  showed  the  magnetic  field 
uniformity  measurement  of  145D-09  before  and  after 
repairs.  One  can  see  that  the  magnetic  field  quality  after 
repairs  were  identical  to  the  original  measurements. 

As  summarized  above,  we  believe  that  a  steel  loaded 
epoxy  -  Devcon  application  is  a  mature,  economical  and 
easily  learned  procedure  for  longer  magnet  core 
fabrication.  The  mechanical  precision  and  structural 
rigidity  are  good  and  robust. 


14SD  -  09  Original  &  After  Repain  Field  Unifonrfty  Comparison 


Chart3.  Dipole  145D-09  Magnetic  Field  Quality 
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Abstract 

The  proposed  Next  Linear  Collider  (NLC)  has  a 
proposed  85%  overall  availability  goal,  the  availability 
specifications  for  all  its  7200  magnets  and  their  6167 
power  supplies  are  97.5%  each.  Thus  all  of  the 
electromagnets  and  their  power  supplies  must  be  highly 
reliable  or  quickly  repairable.  Improved  reliability  or 
repairability  comes  at  a  higher  cost.  We  have  developed  a 
set  of  analysis  procedures  for  magnet  designers  to  use  as 
they  decide  how  much  effort  to  exert,  i.e.  how  much 
money  to  spend,  to  improve  the  reliability  of  a  particular 
style  of  magnet.  We  show  these  procedures  being  applied 
to  a  standard  SLAC  electromagnet  design  in  order  to 
make  it  reliable  enough  to  meet  the  NLC  availability 
specs.  First,  empirical  data  from  SLAC’s  accelerator 
failure  database  plus  design  experience  are  used  to 
calculate  MTBF  for  failure  modes  identified  through  a 
FMEA.  Availability  for  one  particular  magnet  can  be 
calculated.  Next,  labor  and  material  costs  to  repair  magnet 
failures  are  used  in  a  Monte  Carlo  simulation  to  calculate 
the  total  cost  of  all  failures  over  a  30-year  lifetime. 
Opportunity  costs  are  included.  Engineers  choose  from 
amongst  various  designs  by  comparing  lifecycle  costs. 

INTRODUCTION 

There  is  worldwide  consensus  that  a  high-energy,  high- 
luminosity,  electron-positron  linear  collider,  operating 
concurrently  with  the  Large  Hadron  Collider,  is  necessary 
to  explore  and  understand  physics  at  the  TeV  scale.  The 
linear  collider  (LC)  is  envisioned  as  a  fully  international 
project,  thus  there  will  be  only  one  LC  to  serve  the  world 
particle  physics  community  and  it  must  meet  its 
luminosity  goal  through  a  guaranteed  availability  over  a 
30  year  lifetime.  Therefore  every  LC  component  must  be 
highly  reliable  and/or  quickly  repairable. 

One  viable  manifestation  of  a  ITeV  LC  is  the  Next 
Linear  Collider  (NLC),  based  on  normal  conducting  X- 
band  cavities.  The  facility  is  roughly  32  km  in  length  and 
uses  about  70,000  components  of  which  7200  are  magnets 
and  6167  are  power  supplies.  We  have  developed  a  set  of 
analysis  procedures  for  engineers  to  use  to  decide  how 
much  money  to  spend  on  improving  the  availability  of 
any  LC  component  through  design  changes.  The  LC  will 
not  be  built  if  it  is  “too  expensive”,  we  must  find  an 
appropriate  balance  between  performance,  reliability  and 
cost.  This  paper  uses  the  magnets  and  power  supplies  of 
the  NLC  to  illustrate  some  useful  modifications  to  the 
Failure  Modes  and  Effects  Analysis  (FMEA)  risk- 
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identifying  technique,  which  involve  life  cycle  costs,  from 
design  to  operation. 

PROBLEMS  WITH  TRADITIONAL  FMEA 

A  team  of  engineers  following  the  traditional  FMEA 
process  consider  all  the  possible  failures  modes  of  a 
system  component,  from  design  through  operation, 
identify  all  their  causes,  and  rank  their  severity,  expected 
frequency  and  likelihood  of  detection.  A  multidisciplinary 
team  at  SLAC  carried  out  a  FMEA  of  a  standard  SLAC 
electromagnet  [1]  and  identified  10  design  changes  that 
would  improve  its  reliability.  A  prototype  NLC 
quadrupole  that  incorporated  most  of  these  changes  was 
fabricated  in  2000  [2]  and  has  been  run  for  about  10,000 
hours  since  without  any  failures.  The  degree  of  risk  of 
each  failure  is  represented  by  the  product  of  these  3 
ranked  indices,  called  the  Risk  Priority  Number  (RPN). 
But  inconsistent  definitions  result  in  questionable  risk 
priorities,  and  the  use  of  failure  modes  rather  than  cause 
and  effect  fault  chains  inhibits  ones  understanding  of  the 
true  causes  of  failures  [3].  Furthermore  traditional  FMEA 
ends  with  the  calculation  of  RPNs,  the  team  does  not 
consider  the  consequences  of  the  failures  in  terms  of 
costs.  They  do  not  check  that  their  design  changes  for 
avoiding  failures  cost  less  than  the  failures  [4]. 

LIFETIME  COST:  A  MEASURE  OF  RISK 

Risk  contains  2  basic  elements  (1)  chance,  measured  by 
probability,  and  (2)  consequence,  measured  by  cost.  A 
new  methodology  has  been  developed  to  overcome  these 
shortcomings,  it  is  called  "Life  Cost-based  FMEA"  [3,4] 
It  measures  risk  of  failure  in  terms  of  cost.  Cost  is  a 
universal  language  understood  by  engineers  without 
ambiguity.  Expected  failure  cost  is  defined  as  the  product 
of  the  probability  of  a  particular  failure  and  the  cost 
associated  with  that  failure.  Lifetime  failure  cost  is  the 
sum  of  all  the  expected  costs  for  all  failure  scenarios  at  all 
stages  of  a  system  component’s  life:  design,  manufacture, 
installation,  and  operation.  The  probability  of  a  failure  can 
be  characterized  as  the  frequency  of  such  failures  in  a 
system  containing  multiple  components,  e.g.  in  an 
accelerator  with  4965  water-cooled  magnets  there  will  be 
9  water  leaks  a  year  that  cause  a  severe  enough  magnet 
failure  to  bring  down  the  beam.  The  cost  of  each  water 
leak  includes  labor  costs  to  detect  it,  repair  it  and  get 
beam  running  again,  which  are  proportional  to  the  times 
these  tasks  take,  and  the  costs  of  parts  that  have  to  be 
replaced,  e.g.  a  piece  of  Synflex  hose  with  fittings  carrying 
cooling  water. 
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In  order  to  be  confident  in  one’s  expected  failure  costs, 
it  is  best  to  measure  failure  rates  and  typical  fixing  times 
using  historical  data  on  systems  of  components  similar  in 
design  to  the  ones  you  are  doing  a  FMEA  on.  The  next 
part  of  this  paper  describes  how  we  have  used  the  SLAC 
accelerator  failure  database  (CATER)  to  make  predictions 
about  the  availability  of  the  NLC  electromagnet  and 
power  supply  (PS)  system.  Availability  is  defined  as  the 
average  ratio  of  the  time  a  component  or  system  is  usable 
to  the  total  amount  of  time  it  is  needed.  It  is  calculated  as 
the  ratio  of  the  Mean  Time  Between  Failures  (MTBF)  to 
the  sum  of  MTBF  and  the  Mean  Time  To  Repair  (MTTR). 

ESTIMATE  FAILURE  OCCURRENCE 
RATES  FOR  NLC  MAGNETS  &  PS 

Our  premise  is  that  the  design  of  the  NLC  magnets  and 
PS,  their  fabrication  techniques,  installation  and  repair 
procedures  will  be  very  similar  to  those  used  at  SLAC 
over  the  past  35  years,  therefore  they  will  have  the  same 
failure  modes  occurring  at  the  same  rates  as  SLAC 
failures.  The  methodology  described  here  was  developed 
by  considering  SLAC  magnets  and  PS  and  predicting  for 
NLC  magnets  and  PS,  but  it  is  applicable  to  any 
accelerator  component  that  may  fail  and  abort  the  beam. 

Find  MTBF  &  Availability  of  SLAC  Magnets 

We  scoured  the  CATER  database  to  find  all  magnet  and 
switching  PS  failures  in  any  beamline  at  SLAC  which 
brought  down  the  beam  in  the  5  year  period  1997  to  2001. 
We  categorized  failures  by  magnet  type:  solid  wire  or 
water  cooled  and  PS  type:  "small'’  :  <12A,  <0.5KW  and 
large”:  >12A,>0.5kW.  We  carefully  counted  how  many 
magnets  and  PS  were  running  in  each  beamline,  and 
established  how  many  hours  each  beamline  was  scheduled 
to  run  in  that  5  years,  thus  we  calculated  number  of 
magnet  hours  =  no.  magnets  x  no.  running  hours.  Then  we 
calculated  the  MTBF  for  any  one  magnet  in  that 
beamline.  =  no.  magnet  hours  /  no.  failures  reported. 
Table  1  shows  the  data  for  water  cooled  magnets  for 
selected  beamlines. 

Details  of  each  failure  in  CATER  yielded  the  total  time 
the  beam  was  down,  which  we  called  the  time  to  repair, 
TR,  and  particulars  on  the  failure  so  we  could  place  each 
one  into  a  specific  failure  scenario,  e.g.  water  leak  from 
split  hose  leading  to  coil  overheating,  or  turn  to  turn  coil 
short  due  to  damaged  insulation. 


We  found  these  failures:  70  water  cooled  magnets,  6 
solid  wire  magnets,  92  large  PS  and  70  small  PS  in  the 
stated  period.  Each  failure  took  a  different  amount  of  time 
to  detect,  i.e.  to  realize  which  component’s  failure  had 
brought  down  the  beam,  and  to  repair.  The  TRs  of  23 
“water  leak”  failures  ranged  from  1  to  32  hours,  these 
ranges  must  be  accounted  for  when  one  calculates  the 
predicted  costs  of  failures  for  the  NLC.  The  mean  time  to 
repair,  MTTR,  for  a  certain  category  of  failures  is 
calculated  by  dividing  their  total  repair  time  by  the 
number  of  failures,  this  is  10  hours  on  average  for  SLAC 
water  cooled  magnets.  To  calculate  the  average  SLAC 
water  cooled  magnet’s  MTBF  we  summed  the  magnet 
running  hours  from  15  beamline  runs  (=80,383,136  hrs) 
and  divided  that  by  the  70  failures  to  give  1,148,331 
hours.  Then  the  availability  of  one  “average”  SLAC  water 
cooled  magnet  is  1,148,33 1/(1, 148,33 1+10)=0.99999127. 

Predict  Availability  of  System  of  NLC  Magnets . 

To  calculate  the  availability  of  a  system  of  N  equivalent 
components  in  series,  one  raises  the  availability  of  one 
component  to  the  Nth  degree.  In  the  2001  NLC 
configuration,  there  will  be  4965  water  cooled  magnets. 
If  we  built  them  without  any  effort  to  improve  their 
MTBF  or  MTTR  over  an  average  SLAC  magnet  their 
availability  would  be  0.9576.  By  the  same  process,  we 
predict  the  2202  solid  wire  magnets  in  NLC  would  be 
0.9988  available,  leading  to  an  overall  magnet  availability 
of  0.9576  x  0.9988  =  0.9565,  which  is  less  than  the 
required  0.975.  By  the  same  process,  we  predict  the 
overall  availability  of  the  6167  power  supplies  that  will 
power  the  NLC  magnets  to  be  0.9279,  less  than  the 
required  0.975. 

In  other  words,  we  cannot  design,  build  and  repair  the 
NLC  magnets  and  PS  just  the  same  as  we  have  SLAC 
magnets  if  they  are  to  meet  our  NLC  availability  goals. 
We  choose  to  do  a  "Life  Cost-based  FMEA”  to  identify 
those  failure  scenarios  that  would  be  most  costly  to  the 
project  if  not  prevented.  These  will  be  the  types  of  failures 
we  will  tackle  first  as  we  develop  strategies  to  increase 
MTBF  and  decrease  MTTR  and  thus  improve  availability. 

Estimate  Failure  Occurrences  and  Frequencies . 

We  assume  the  NLC  will  run  9  months  (=6480  hours) 
out  of  every  year  for  30  years,  during  the  other  3  months 
preventative  maintenance  will  be  done  on  all  components. 


Table  1.  Measuring  Availability  of  Water  Cooled  Magnets  at  SLAC,  1997-2001.  Selected  beamlines 


Dates  Line  Ran 

Beam  Line 

Run  Hours 

No.  of 
Magnets 

Magnet  Hours 

No.  of 
#  Failures 

MTBF 

(hr) 

TR 

(hr) 

MTTR 

(hr) 

Availability  1  Mag 

PPIVf 

5/1/97  -  6/8/98 

SLC 

8828 

2302 

20,322,056 

32 

14.67 

0.999976898 

EQ 

HER 

918 

1240 

1,138,320 

■j 

1/12/00- 10/31/00 

PEP  II 

6624 

2602 

17,235,648 

7 

2,462,235 

34.6 

4.94 

0.999997993 

BSY/FFTB 

2196 

198 

434,808 

BSY/A-Line 

630 

520 

327,600 

— 

1/10/01  -  12/31/01 

PEP  II 

7411 

2602 

19,283,422 

7 

2,754,775 

5.41 

0.999998035 

EE] 

BSY/FFIB(e+) 

wmtm 

198 

553,410 

2 

276,705 

1.53 

0.999994489 

eh 

BSY/A-Line 

520 

2178 
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Table  2.  Life  Cost-Based  FMEA  Table  for  Some  Water  Cooled  Magnet  Failures 


Failure  Scenario 

Ultimate  Effect  of  Failure 

_ 

Output 

Detection  Phase 

Re-occuring 

Frequency 

Detection  Time 

s 

1 

p 

c 

1 

Delay  Time  (hr) 

Recovery  (hr) 

I 

Parts  Cost  ($) 

g 

a 

73 

'5 

1 

Dpportunity  Cost 

Too  many  loads  on  water  circuit 

Magnet  overheats,  is  turned  off 

ESI 

EtSI 

Ei 

IKED 

EE 

4 

kb 

1 

n 

I^KES] 

15 

■ESEBl 

Conductor  Sclerosis  (hole  gets  too  small) 

Magnet  overheats,  is  turned  off 

E31 

ESI 

El 

■E 

8 

wm 

1 

1,250 

■lannui 

18750 

Magnet  overheats,  is  turned  off 

EH1 

ESI 

El 

■0 

4 

1 

50 

■T:temn 

^E&D 

mWiiiV.a 

Damaged  (cnmped)  coil 

Shorted  coil,  magnet  wont  turn  on 

IfflW 

urn 

i 

4 

EJH 

■E 

~ 

1 

■JHTi] 

■B2E1 

Shorted  coil,  magnet  is  turned  off 

ESI 

ESI 

Ei 

wm 

HD 

1 

50 

HEDD 

■ftmirtiiTii 

Magnet  overheats,  is  turned  off 

eei 

ESI 

m 

i^HE 

■E 

EE 

ME 

1 

■AMilil 

K52 

■MUftl'Til 

|  Water  fitting  or  braze  connection  fails 

LCW  not  reaching  coil  overheats  etc 

Eta 

o 

Et 

KB 

EE 

■D 

50 

mm 

r— ? 

mi 

H 

■EDI 

Poor  terminal  connection  design 

Mj-Ui  W-l  SB  1  Eg  IM'.'.WTIflTTEKTM 

itif 

inW 

■E 

IEE2B 

H 

wm 

ED 

100 

44 

Bad  terminal  Installation 

Excessive  heat  lead  to  melting  temp 

Inst 

TR 

i 

4 

eb 

EE 

KD 

m 

KEil 

■DB51 

400 

Poor  thermal  contact:  thermal  switch  &  cond 

Magnet  destroyed 

ESI 

I 

I 

EE 

■D 

KB 

i 

Bmnni 

■Kna 

■no:i] 

Human  Error  -  Magnet  missing 

Forgot  to  put  back  magnet 

ESI 

ESI 

Ei 

■KB 

EE 

^E 

i 

Out  of  tolerance  dimensions 

Insulation  Failure 

rewrc l 

□ 

1  0.3 

EE 

tm 

hd 

m 

mzu 

Subtracting  the  0.9576  availability  from  1  and  multiplying 
the  result  by  6480  hours  gives  you  the  predicted 
downtime  of  the  4965  water  cooled  magnets  per  year, 
274.9  hours;  dividing  this  by  the  MTTR  of  10  hours  gives 
you  the  number  of  water  cooled  magnet  failures  per  year 
in  the  NLC  -  27.4,  we  call  this  the  number  of  occurrences 
per  year,  or  frequency.  Using  the  information  on  the  70 
magnet  failures  we  found  in  SLAC’s  failure  database  we 
calculated  the  availabilities  and  hence  the  frequencies  for 
many  different  types  of  magnet  failure,  which  enabled  us 
to  complete  a  long  FMEA  table  of  all  possible  failure 
scenarios,  a  small  part  of  which  is  shown  in  Table  2. 

PREDICT  EXPECTED  FAILURE  COSTS 

Besides  failures  that  occur  during  accelerator  operations 
we  also  accounted  for  errors  designers  might  make  while 
designing  a  magnet,  which  would  result  in  a  failure  when 
the  magnet  was  first  turned  on  while  being  tested  in  QC, 
for  problems  that  might  happen  while  a  magnet  was  being 
installed,  which  would  result  in  a  later  failure  during 
operation.  We  gave  educated  estimates  of  such  scenarios* 
frequencies  and  how  many  hours  of  labor  it  would  take  to 
recover.  Failures  that  both  originated  and  were  detected 
during  operations  were  assumed  to  continue  to  re-occur 
for  30  years,  all  others  re-occurred  just  once.  The  values 
quantifying  these  various  parameters  are  in  the  columns 
under  "input"  in  Table  2.  The  lifetime  costs  associated 
with  each  failure  scenario  are  calculated  as  explained 
below  and  the  median  costs  in  US  dollars  are  shown  in  the 
columns  under  "output"  in  Table  2. 

Calculate  Expected  Failure  Costs. 

Labor  Cost  =  Frequency  x  { [Detection  Time  x  Labor 
Rate  x  #  of  operators]  +  [Fixing  Time  x 
Labor  rate  x  #  of  operators]  +  Delay  Time 
Time  x  labor  rate  x  #  of  operators] }  x 
Re-occurring  (1) 

Material  Cost  =  Frequency  x  Re-occurring  x  Quantity  x 
Cost  of  Part  (2) 

The  "Recovery"  time  has  a  strong  influence  on  the  failure 
costs,  it  is  the  sum  of  the  other  3  listed  times.  It  is  used 
through  an  "Opportunity"  cost,  which  is  the  cost  incurred 


when  a  failure  inhibits  the  main  function  of  a  system  and 
prevents  any  creation  of  value;  e.g.  the  beam  is  down  and 
no  luminosity  is  being  accumulated.  What  to  set  this  cost 
to  per  hour  continues  to  be  debated,  we  have  used  3 
values:  $10,000,  $25,000  and  $50,000  per  hour.  All  of 
them  far  exceed  what  any  technician  earns  in  an  hour,  so 
it  is  vital  to  minimize  the  recovery  time  to  reduce  costs. 

We  use  a  Monte  Carlo  simulation  to  estimate  the 
possible  range  of  failure  costs.  It  is  misleading  to  use  only 
an  average  repair  time,  for  e.g.,  when  a  wide  variation  has 
been  observed.  So  triangular  distributions  with  minimum, 
mode  and  maximum  values  were  used  for  frequency,  all 
times,  and  parts  costs.  We  simulated  the  design,  fab  and 
installation  stages  plus  30  years  of  operations  of  all  the 
NLC  magnets  and  PS  5000  times  to  find  the  distributions 
of  lifecycle  failure  costs,  the  maximum  being  over  $1B. 

CONCLUSIONS 

In  order  to  reach  the  NLC  magnet  system  availability 
goals,  we  established  we  must  both  cut  the  repair  time  for 
water  cooled  magnets  in  half  and  run  the  large  PSs  in  a 
redundant  mode:  2  PS  in  parallel,  ready  to  power  magnets 
at  all  times.  Such  actions  would  yield  an  availability  of 
0.962,  exceeding  the  goal  of  0.95,  and  a  worst-case 
lifecycle  failure  cost  of  $339M.  The  cost-based  FMEA 
described  here  will  continue  to  be  used  by  NLC  engineers 
to  guide  their  engineering  of  all  aspects  of  the  NLC. 
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Abstract 

Permanent  magnetic  (PM)  devices  have  many  current 
and  potential  applications  based  on  advantages  in  size,  cost 
and  simplicity  but  they  suffer  from  uncertainties  related  to 
environmental  and  damage  effects.  One  missing  ingredient 
is  a  magnet  designed  to  explicate  demagnetization  effects 
as  a  function  of  the  principal  magnetic  characteristics  of  the 
device,  the  material,  the  blocks  and  their  fab  procedures  - 
all  of  which  need  to  be  independently  varied  while  mini¬ 
mizing  the  induced  radioactivity  from  testing.  We  describe 
such  a  magnet  and  the  measurements  on  it  and  its  blocks 
and  discuss  the  parameters  of  most  interest  as  well  as  the 
constraints  that  motivate  this  choice. 

INTRODUCTION 

In  the  next  linear  collider  (NLC),  PM  devices  such  as 
solenoids,  multipoles,  undulators  and  wigglers  could  have 
important  uses  if  the  limits  of  their  stability  to  differing 
high  radiation  environments  could  be  established.  This 
work  is  part  of  a  broader  proposal[l]  to  determine  the  types 
and  levels  of  radiation  to  be  expected  and  the  susceptibility 
of  PM  material  to  radiation  damage  from  these.  A  major 
goal  is  to  obtain  a  general  interpretation  applicable  to  any 
PM  device.  For  this,  we  have  developed  an  unconventional 
magnet  that  is  simple  and  easy  to  test  and  modify. 

We  discuss  the  magnet,  defined  as  more  than  one  PM 
block,  that  can’t  be  used  for  conventional  applications  but 
allows  a  good  comparison  between  the  key  ingredients 
thought  to  be  important  in  radiation  damage  mechanisms 
by  simply  changing  the  magnet  gap  or  the  block  material 
or  its  characteristics  such  as  intrinsic  coercivity  Hci. 

PROBLEM  DESCRIPTION/SITUATION 

Demagnetization  and  especially  radiation  damage  has 
been  of  interest  in  our  field  for  over  twenty  years[2,  3,  4, 
5,  6,  7]  with  a  broad  array  of  approaches.  A  physically 
realistic  but  qualitative  picture  has  the  Curie  temperature 
Tc  being  exceeded  in  some  volume  followed  by  remagne¬ 
tization  in  the  local,  residual  field  at  that  location.  This 
implies  a  natural  hierarchy  in  terms  of  nominal  Tc  values: 
Sm2Coi7(800°)  >  SmCos  (700°)  >  Nd2-xFei4B(300o) 
where  x  represents  substitution  of  other  rare-earths  such 
as  Dy,  Pr  or  Tb  that  are  known  to  improve  Hci.  Tests  are 
open-circuit  yet  assume  fixed  load-lines  and  permeances. 
Conclusions  are  mostly  empirical  with  curious  omissions 
e.g.  no  discussion  of  characteristics  such  as  stabilization 
temperatures  Ts,  tests  with  thermal  neutrons  nor  any  post 
radiation  activation  analyses[8]. 

*  SLAC’s  Magnetic  Measurements  Group  is  headed  by  Zachary  Wolf. 


Initially,  Brown  et  al.  [2]  looked  at  SmCo  but  did  not 
measure  or  control  the  temperature.  Later,  Brown  and 
Cost[3]  observed  that  higher  Dy  or  Tb  contents  resulted 
in  higher  Hci  in  NdFeB  (with  very  high  linear  correlation 
0.96)  as  well  as  greater  radiation  resistance  (RR)  with  high 
correlation  (0.87)  and  thus,  a  good  correlation  between  RR 
and  Hci  (0.78).  They  controlled  temperature  but  didn’t 
specify  Ts.  They  suggested  a  radiation  induced,  nucleation 
of  domain  reversals  from  processes  that  exceed  the  domain 
nucleation  energy  barrier. 

Zeller[4]  argued,  from  the  known  loss  of  magnetization 
with  temperature  or  Pc,  that  the  dominant  mechanism  was 
loss  of  coercivity  as  opposed  to  loss  of  remanence  based 
on  macroscopic  Pandira  simulations.  Varying  Hc  and  then 
Br,  he  obtained  shapes  consistent  with  his  field  scans  and 
argued  that  NdFeB  demagnetizes  worse  than  other  alloys 
based  on  its  lighter  elements  B  and  O  gaining  significantly 
greater  recoil  energy  from  knock-on  collisions. 

Kahkonen  et  al.[5]  proposed  this  as  well  and  appeared 
to  verify  it  with  20  MeV  protons.  They  indicated,  without 
comment,  that  the  demagetization  had  a  cos#  dependence 
if  6  is  the  angle  between  M  and  the  particle  velocity  v. 
This  implies  that  the  particle’s  path  is  unaffected  by  the  B 
field  and  is  understood  by  remembering  that  the  material  is 
crystalline.  They  noted  their  model  was  premature  but  this 
was  the  first  quantitative  attempt  that  suggested  tests. 

Okuda  et  al.[6]  used  electrons  and  Co60  7’s  and  showed 
that  Sm2Coi7  was  better  in  all  respects  except  the  Br  ratio 
of  1.12  for  the  samples  tested.  Nearly  complete  remagne¬ 
tization  after  irradiation  suggested  little  structural  change 
consistent  with  Ref’s  [2,  3]. 


Figure  1:  Shin-Etsu  N34Z  material  indicating  reversible, 
thermal  behavior  up  to  200°C  for  permeances  |PC|>  0.5. 
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Most  recently,  Ito  et  al.[7]  used  200  MeV  protons  to  test 
consensus  on  the  effects  of  Hci  and  Pc  on  RR  and  that  “flux 
loss  cannot  be  attributable  to  structural  change”  but  that 
mechanisms  are  not  fully  understood.  For  samples  with  the 
same  Pc=0.5,  Sm2Coi7  was  better  than  the  best  Nd  sample 
in  all  respects  except  for  the  Br  ratio  of  1.07  even  when  the 
Nd  had  double  the  coercivity  Hci.  Their  Nd  materials  were 
similar  to  ours  such  as  shown  in  Fig.  1. 

Nomenclature  and  Conclusions 

People  have  consistently  tried  to  explain  RR  in  terms  of 
a  few  “simple”  properties  of  a  block  and  its  material  such 
as  Pc-B/ H.  This  is  a  signed  quantity  that  is  not  unique  in 
sign  or  magnitude  for  many  block  operating  conditions  [9]. 
Similarly,  neither  it  nor  the  load  line  it  describes  is  ever 
unique,  even  for  unloaded,  open  circuit  blocks  or  magnet 
assemblies.  Still,  models[5]  assume  that  every  demagne¬ 
tization  is  followed  by  a  remagnetization  in  the  opposite 
direction  due  to  self  fields. 

While  several  experiments  appear  to  provide  consensus, 
there  are  discrepancies.  For  example,  it  is  interesting  to 
compare  all  available  charged  hadron  data  for  NdFeB.  This 
includes  106  MeV  deuterons  and  several  proton  energies 
from  20-500  MeV[2, 4, 5, 7].  For  comparable  values  of  Hci 
and  Pc,  one  finds  the  damage  hierarchy:  p>d>n>e>7. 
Similarly,  high  energy  protons  are  worse  than  low  [7]  -  at 
least  p(200  MeV)  >  p(20  MeV)  where  the  authors  note  “the 
reason  is  not  clear”  and  “more  detailed  studies  are  needed”. 
We  agree  [10], 

There  is  another  serious  discrepancy.  If  one  assumes 
that  radiation  and  ionization  loss  promotes  nucleation  of 
reversed  domains [3],  one  might  expect  electrons  to  cause 
more  damage  than  ions  if  only  radiative  losses  from 
bremsstrahlung  were  relevant: 

ariad^aZ2{ziri)2  3  77  =  re  [me°  1  [cm2/nucleus].  (1) 

Clearly,  ionization  and  atomic  excitation  dominate  for 
ions  and  much  of  the  electron  data  as  well  since  Ee<Ec 
-  the  critical  electron  energy  for  the  material.  Thus,  over 
these  energies,  one  can  use  the  Bethe  Bloch  equation.  This 
gives  p(LowE)>p(HiE)  but  also  d(106  MeV)>p(200  MeV). 
The  maximum  energy  of  knock-on  electrons  goes  as 
2mec2(j3,y)2  reaching  «1.4  MeV  for  500  MeV  protons. 
This  model  is  inconsistent  with  the  data  but  consistent  with 
no  structural  damage. 

The  model  where  the  primary  cause  is  recoil  of  Boron 
atoms  from  Coulomb  scattering  is  intriguing  because  B 
is  much  less  prevalent  and  has  a  much  lower  Coulomb 
cross  section  than  the  other  components  cx (Zazi/Tr)2 
where  TR  is  the  reduced  kinetic  energy.  However,  it  has 
a  larger  “Curie  radius”  that  can  be  comparable  to  or  larger 
than  the  grain  size.  However,  if  we  extend  this  model  to 
other  incident  channels,  we  expect  a(p)>a(n)  from  the 
larger  Coulomb  size  but  the  damage  is  much  greater  for 
protons[3,  7]  than  expected.  Nonetheless,  from  the  max¬ 
imum  energy  transfer,  we  expect:  d>p>n>e>7 


at  fixed  energy  and  comparable  conditions  as  well  as 
p(HiE)  >  p(LowE).  Thus,  we  have  some  simple  but  distinct 
models  where  only  the  latter  gives  any  qualitative  agree¬ 
ment.  All  suggest  a  much  higher  limit  on  truly  irremedial 
radiation  damage  that  should  be  tested  -  especially  with 
thermal  neutrons  that  can  produce  structural  changes  from 
reactions  such  as  B10(n,  o;)Li7. 

MAGNET  DESCRIPTION 

Under  certain  qualifying  caveats,  conventional  PM 
dipoles  should  be  less  susceptible  followed  by  undulators, 
wigglers,  and  quadrupoles  due  to  variations  in  M  of  the 
blocks  and  variations  in  Hext  i.e.  their  differing  load  lines 
throughout  each  type  of  block  and  magnet[9].  This  is 
clear  from  Fig.  2  and  explains  our  choice  of  an  asymmetric 
quadrupole  magnet  with  simple  dipole  geometry  -  shown 
here  for  a  large  gap  magnet  G>  lx,ly,  lz  of  the  PM  blocks. 


PM  Material 


Variable  Gap 


Flux  Return 


Figure  2:  Schematic  layout  showing  magnetization  vectors. 

In  this  case,  the  load-line  of  the  lowest  block  is  far  into 
the  first  B-H  quadrant  (from  the  field  of  the  adjacent,  larger 
block  and  circuit)  and  is  nearly  the  same  throughout  the 
block  while  its  matching  partner  at  the  top  has  material  that 
is  clearly  in  the  second  quadrant  as  does  the  larger  block. 
As  the  gap  is  decreased,  the  difference  increases  -  making 
the  upper  one  more  susceptible  to  damage.  Going  further, 
some  material  can  be  driven  past  the  knee  (Fig.  1),  Hcb  and 
Hci  where  “irreversible”  but  not  unremediable  effects,  with 
or  without  radiation,  are  expected.  Most  of  this  depends 
on  the  magnetic  circuit  rather  than  the  block  dimensions 
or  even  the  material.  This  is  one  reason  we  measured  the 
block  magnetizations  several  times  after  initial  assembly 
and  disassembly.  Clearly,  the  closed  circuit  material  is  too 
bulky  in  Fig.3  but  this  suggests  a  typical  setup. 
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MAGNETIC  MEASUREMENTS 

For  magnets  such  as  shown  in  Fig.  2,  we  have  made 
and  measured  several  variants.  For  activation  analysis, 
G= 2,3,5  &  7  mm  with  block  sizes  lz=9  mm,  4=5.9  and 
4=6. 8,9  mm.  The  finished  OD,  for  a  pneumatic  rabbit,  is  9 
x  9  x  30  mm.  Some  field  scans  along  z  are  shown  in  Fig.  3 
for  the  2(M1)  and  7(M3)  cases.  The  effective  magnetic 
length  (/Bydz)/Bgea*  of  M3  is  9  mm. 
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Figure  3:  Typical  mid-plane  scans  for  the  2  and  7  mm  gaps. 

The  peak  field  for  each  scan  is  shown  at  position  34 
(34*25=0.85in)  and  in  Table  1  as  Mid  as  well  as  along  the 
top  and  bottom  poles  for  the  same  probe  orientation. 


Table  1:  Some  Peak  Field  Values 


Gap[mm] 

Top 

Mid  [kG] 

Bot 

2  (Ml) 

1.185 

0.7211  ±0.0041 

+0.722 

3  (Ref) 

2.880 

0.6788±0.0024 

-1.557 

5  (M2) 

3.976 

0.5109±0.0025 

-2.880 

7  (M3) 

4.344 

0.2932±0.0026 

-3.262 

Table  2  gives  some  block  measurements.  The  larger  blocks 
are  now  at  top  and  bottom  (Fig.  2).  Easy  axis  angle  errors 
are  large  but  repeatability  is  good  for  such  small  blocks. 


Table  2:  Magnetization  measurements  for  the  M3  blocks 


Block# 

MJG] 

M„[T] 

m,[G] 

10  (top) 

81.7 

1.1343±0.0012 

-584.8±38.9 

2  (mid) 

-411.7 

1.0627±0.0027 

187.6±3.11 

6  (bot) 

27.0 

1.1300±0.0002 

-68.0±57.9 

IRRADIATION  PROGRAM  [1] 

UC  Davis  has  two  facilitiesf  1  ]  that  could  be  invaluable 
in  providing  the  missing  information  on  hadron  damage. 
The  McClellan  Nuclear  Reactor  Center  (MNRC)  provides 
a  number  of  areas  for  irradiating  samples  with  neutron 
fluxes  up  to  4.5  x  1013  n/cm2s.  The  radiation  test  beam 
at  the  Crocker  Nuclear  Laboratory  (CNL)  cyclotron  pro¬ 
vides  protons  of  up  to  63  MeV  spread  over  a  rather  uniform 
beam  spot  7  cm  in  diameter.  A  typical  central  flux  is  4.2  x 
109  protons/cm2s  (0.56  kRad/s  (Si)).  The  laboratory  can 
also  produce  deuteron  and  neutron  (60  MeV)  beams.  Thus, 
both  facilities  are  of  great  interest  for  this  application. 
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Abstract 

A  family  of  large  bending  dipoles  has  been 
magnetically  measured  to  support  the  10  kW  IR-FEL 
upgrade.  This  upgrade  will  allow  for  a  wider  wavelength 
range  and  an  increase  in  the  machine  energy  to  operate 
between  80  MeV/c  and  210  MeV/c.  The  dipole  magnets 
allow  the  beam  to  bend  180  degrees  over  a  1  meter  radius. 
The  requirements  for  these  magnets  include  varying  field 
strengths,  large  horizontal  apertures  and  parts  in  10,000 
field  homogeneity  as  well  as  setability  of  core  and 
integrated  field.  This  paper  will  describe  the  process 
involved  in  measuring  and  achieving  these  requirements. 

1  INTRODUCTION 

A  10  kW  infrared  free-electron  laser  is  being 
constructed  at  the  Thomas  Jefferson  National  Accelerator 
Facility.  The  pi  bend  dipoles  (GY)  are  located  at  the  two 
arcs  of  the  new  transport  system.  Each  has  a  bend  radius 
of  1  meter  and  bend  angle  of  180  degrees.  They  are 
designed  to  handle  varying  field  strengths  (0.27T  to 
0.7 IT)  required  to  operate  the  machine  between  80 
MeV/c  and  210  MeV/c.  Included  in  the  pi  bend  dipole 
are  two  sets  of  trim  coils  used  for  beam  path  length 
adjustment.  Tight  specifications  on  the  magnet  setability 
and  the  integration  of  trim  coils  into  the  magnet  required 
an  exploration  of  hysteresis  procedures  to  ensure  core 
field  setability. 

Twenty-two  bending  dipole  magnets  make  up  six 
dipole  families  required  to  run  the  accelerator.  The  GY 
dipoles  are  included  in  the  arc  string  along  with  the  GQ 
and  GX  dipoles  and  use  a  current  shunt  to  compensate  for 
small  core  field  deviations  between  the  GY  and  other 
dipole  families  [1]. 

2  SETUP,  CALIBRATION,  & 
ACQUISITION 

The  GY  dipoles  were  designed  with  stringent  field 
requirements  shown  in  Table  1  [2].  The  GY  was  primarily 
set  and  configured  for  the  nominal  operating  energy  of 
145  MeV/c.  All  integral  measurements  were  made  using 
Group  3  Hall  probes  calibrated  against  Metrolab  NMR 
probes.  A  total  of  four  probes  were  read  for  each 

*  This  work  supported  by  DOE  Contract  DE-AC05- 
84ER40150,  the  Office  of  Naval  Research,  Air  Force 
Research  Laboratory,  the  Commonwealth  of  Virginia  and  the 
Laser  Processing  Consortium 
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measurement,  2  Hall  Probes  and  2  NMR  probes,  with  the 
analysis  done  using  Microsoft  Excel. 


Table  1 .  Dipole  excitation  error  tolerances  (rms.) 


Constraint 

Tolerance 

Accuracy  of  core  field 

2.5x10-“ 

Core  Field  Uniformity 

l.OxlO"4 

Accuracy  of  integrated  field 

2.5x10-“ 

Integrated  Field  Uniformity 

1.0x10-“ 

The  initial  mechanical  inspection  of  the  magnet 
revealed  delamination  of  the  electrical  grade  steel,  Purcel 
gap  faceplates.  These  plates  were  subsequently  stripped 
from  the  magnet,  cleaned  up,  and  reglued  to  the  magnet 
pole  face.  Afterward,  the  pole  face  flatness  was  measured 
to  be  flat  within  ±  80  microns. 

2. 1  Hardware  Set  Up 

A  measurement  stand  adapted  from  the  DY  dipole, 
used  in  the  original  Jefferson  Lab  FEL  Demo,  was 
modified  to  accommodate  the  larger  GY  dipole  shown  in 
Figure  1  [3].  The  stand  consisted  of  a  25  mm  aluminum 
plate  mounted  to  a  granite  table,  made  level  and  coplanar 
with  the  magnet’s  bottom  pole  face.  The  1  meter  wheel, 
used  for  the  original  DY  measurements,  was  used  to  move 
the  probes  circumferentially  through  the  magnet.  The 
wheel,  which  could  be  split  into  four  sections,  was  fed 
through  the  magnet  using  wheel  guides  mounted  on  the 
aluminum  plate.  The  wheel  guides  were  used  to  align  the 
wheel  radially  with  the  magnet  from  survey  data  taken 
with  a  three  dimensional  Faro  portable  CMM  machine. 
This  system  alleviated  the  need  to  split  the  magnet  to 
install  the  measurement  system. 

An  aluminium  probe  holder  was  used  to  align  Hall  and 
NMR  probes  to  the  magnets  radius.  The  Hall  probes  were 
placed  10  cm  apart  at  the  outsides  of  the  probe  holder. 
NMR  probes  were  positioned  1.67  cm  inside,  adjacent  to 
each  Hall  probe.  The  probe  holder  was  first  positioned  at 
the  inmost  radial  position  for  the  first  data  run.  For  six 
additional  runs  the  probe  holder  was  moved  outboard  1.67 
cm  allowing  the  Hall  probes  to  take  data  over  the  entire 
20  cm  good  field  region.  This  method  allowed 
overlapping  data  sets  to  be  taken  at  several  positions 
including  along  the  magnet  center  line,  confirming  data 
repeatability  in  any  given  set  of  measurements  to  -0.02%. 


0-7803-7738-9/03/S17.00  ©  2003  IEEE 
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Figure  1:  GY  Measurement  Stand 


2.2  Probe  Position  Calibration 

Circumferential  positional  information  was  taken  from 
a  scale  on  the  wheel  as  the  wheel  was  rotated  through  the 
magnet.  Calculations  were  then  made  in  the  analysis 
spreadsheet  to  account  for  scale  inaccuracies,  scale  offset 
from  probe  positions,  and  differing  arc  distances  with 
respect  to  radial  probe  position.  This  calibration  sequence 
allowed  for  accurate  positional  data  collection  throughout 
the  magnet. 

2.3  Hall  Probe  Calibration 

NMR  probes,  which  provide  absolute  field  information 
at  the  10‘5  level,  were  used  to  calibrate  the  Hall  probe  by 
stacking  the  respective  Hall  probe  on  top  of  its  normally 
adjacent  NMR  probe.  The  probe  stacks  were  then 
positioned  in  the  circumferential  centre  of  the  GY.  Hall 
and  NMR  values  were  recorded  in  15,  five-amp 
increments.  Due  to  the  extreme  operating  range  of  the 
GY,  a  current  range  specific  to  each  momentum  was  used 
for  calibration.  A  linear  fit  was  then  made  for  the  15  data 
points  taken  for  each  of  the  respective  Hall-NMR 
combinations.  This  difference  was  plotted  on  the 
ordinate,  against  the  Hall  probe  readings  along  the 
abscissa.  The  slope  and  offset  of  these  respective  fits  were 
applied  to  each  Hall  probe’s  data  readings.  Field  integral 
readings  between  both  hall  probes,  along  the  1  meter 
radius,  matched  to  -0.01%  with  the  respective 
calibrations  applied  but  only  matched  to  -0.15%  without 
the  calibrations  applied. 

2.4  Data  Taking 

Hall  probes  provided  an  effective  method  to  collect 
core  field  and  integral  data  because  of  their  large  field 
range.  As  transverse  data  sets  are  taken,  NMR  probes 
positions  overlapped  with  Hall  probe  positions  providing 
an  efficient  method  to  back  check  core  field  data 
accuracy. 


Circumferential  integral  measurement  runs  were  taken 
at  the  seven  radial  locations  through  the  magnet  for  80, 
145  and  210  MeV/c  momenta. 


Table  2.  Circumferential  Step  increment. 


HfflM 

Probe  Location  with 
respect  to  Magnet 

-40  to  -10 

1.0 

Outside  Magnet 

-10  to  10 

0.2 

10  to  30 

1.0 

30  to  284 

5.0 

( iood  Held  Region  1 

284  to  304 

1.0 

! 

304  to  324 

0.2 

Exit 

324  to  354 

1.0 

Outside  Magnet 

: 

The  measurement  sequence  began  with  the  wheel 
rotated  to  the  zero  point  on  its  scale.  The  entrance 
measurements  were  made  by  moving  the  probe  holder 
along  a  slot  built  into  the  wheel  tangent  to  the  1  meter 
radius  and  normal  to  the  magnet  entrance  for  a  distance  of 
30  cm.  The  probe  holder  was  then  locked  to  the  wheel 
and  the  wheel  was  rotated  incrementally  through  the 
magnet  to  the  magnet  exit  position.  Exit  measurements 
were  taken  identically  to  the  entrance  measurements. 
Probe  data  was  collected  using  varying  step  increments  to 
increase  the  precision  of  the  integral.  Table  2  shows  the 
varying  circumferential  step  increments  used  while 
measuring  the  magnet. 


Table  3.  GY  Parameters 


Characteristic 

Minimal 

Nominal 

Maximum 

IHIIliii 

80 

145 

210 

■nm 

2.6685 

4.8367 

7.0049 

83.87 

152.30 

222.78 

Max 

118.69 

226.01 

228.27 

Min 

6.43 

6.44 

6.51 

1.09% 

0.85% 

-0.12% 
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3  RESULTS 

The  results  showed  a  linear  deviation  in  transverse  core 
field  of  0.005%  per  cm  at  145  MeV/c  shown  in  Figure  2. 
This  deviation  amounts  to  nearly  0.1%  over  the  20  cm 
good  field  region,  causing  the  magnet  to  be  out  of 
specification  by  a  factor  of  10  [4]. 

Transverse  integral  measurements  were  consistent  with 
the  transverse  uniformity  measurements,  showing  a  0.1% 
deviation  over  the  20  cm  good  field  region.  To  correct  for 
this,  an  existing  quadrupole  trim  magnet  will  be  used  as  a 
simple  and  eloquent  fix  to  counter  the  focusing  effects  of 
this  deviation. 

Integral  measurements  also  showed  a  -0.596% 
difference  in  measured  field  integral  relative  to  the  design 
integral  at  the  1  meter  radius,  It  is  impossible  to  make  this 
shortage  in  field  integral  up  by  using  the  adjustable  field 
clamps  on  the  GY,  so  four  0.9525  cm  steel  plates  were 
attached  to  the  ends  of  the  magnet  to  increase  the  field 
integral,  without  affecting  core  field.  A  current  shunt  will 
be  used  to  correct  for  the  deviation  between  the  GY 
magnet  and  other  magnets  along  the  arc  string  operating 
together  on  a  common  power  supply.  Current  parameters 
and  shunt  values  are  listed  in  Table  3.  Final 
measurements  show  the  field  integral  matching  the  design 
to  0.005%  with  the  core  field  matching  to  -0.014%. 
Similar  results  were  obtained  at  80  and  210  MeV/c 
showing  the  field  integral  matching  to  -0.069%  and 
0.139%  and  the  core  field  matching  to  -0.015%  and 
-0.033%  respectively.  Table  4  shows  the  uniformity  of 
the  core  field  and  Table  5  shows  the  uniformity  of  the 
integral  across  the  good  field  region. 


the  range  of  the  deviation.  Trim  coil  effects  on  the  GY 
design  integral  are  shown  in  Figure  4. 


4  CONCLUSIONS 


Transverse  Postttton  (cm) 

Figure  3:  Field  Integral  Uniformity  with  respect  to  145  MeV/c 


Table  4.  Deviations  from  Design  Core  Field 


GY001  Core  Field  Uniformity 

Radial 
Position  (cm) 

80  MeV/c 

145  MeV/c 

210  MeV/c 

90 

-0.031% 

-0.053% 

-0.069% 

100 

-0.015% 

-0.014% 

-0.033% 

110 

0.000% 

-0.007% 

-0.028% 

Table  5.  Deviations  from  Design  Field  Integral 


GY001  Bdl  Uniformity 

Radial 
Position  (cm) 

80  MeV/c 

145  MeV/c 

210  MeV/c 

90 

-0.044% 

0.033% 

0.177% 

100 

-0.069% 

0.005% 

0.139% 

110 

-0.051% 

-0.005% 

0.114% 

Final  a  nalysis  of  the  field  integral  showed  a  deviation 
0.06%  across  the  good  field  region  for  all  three  momenta. 
Figure  3  shows  the  deviation  from  uniformity  across  the 
20  cm  region.  Additionally,  tests  using  the  path  length 
correcting  trim  coils  built  into  the  pole  face  of  the  magnet 
verify  their  ability  to  easily  vary  the  field  integral  within 


The  adapted  measurement  stand  proved  to  be  an 
effective  tool  in  the  collection  of  core  and  integrated  field 
data  throughout  the  range  of  the  magnet.  The  data 
obtained  lead  to  the  implementation  of  several  solutions 
allowing  the  magnet  to  sufficiently  meet  specifications. 
Notably,  the  discrepancy  between  core  and  integrated 
field  was  solved  by  the  addition  of  face  shim  and  the 
slope  in  the  transverse  field  will  be  corrected  by  use  of  a 
quadrupole  trim  magnet. 
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Abstract 

Magnetic  measurements  of  the  six  families  of  dipoles 
for  the  infrared  Free  Electron  Laser  Upgrade  at  the  Thomas 
Jefferson  National  Accelerator  Facility  (Jlab)  are  compared 
to  the  magnetic  models  on  which  their  design  is  based.  The 
magnets  were  designed  in  parallel  by  three  organizations. 
They  used  ANSYS,  Radia  or  Opera  3D  as  a  3D  magnetic 
modeling  program.  Comparison  of  the  discrepancies 
between  model  and  magnet  measurement  is  presented 
along  with  analysis  of  their  potential  causes.  These  dipoles 
operate  in  two  field  ranges.  The  Injector/  Extractor  Dipoles 
operate  around  0.05  T  and  the  Arc  Dipoles  and  Optical 
Chicane  Dipoles  operate  between  0.22  to  0.71  T.  All 
magnets  are  required  to  meet  core  field  and  field  integral 
flatness  to  parts  in  104  over  their  “good  field”  region. 

1  INTRODUCTION 

Dipole  magnets  requiring  core  fields  and  field  integrals 
to  be  uniform  to  parts  in  10,000  require  a  marriage 
between  magnetic  modeling  and  final  adjustment  during 
magnet  testing.  This  paper  discusses  how  closely  six 
families  of  dipoles  matched  their  design  models  and  the 
methods  used  to  make  the  magnets  usable. 

Twenty-two  dipoles  are  required  for  the  injection, 
extraction,  optical  chicane  and  arcs  (Table  1)  of  the  10  kW 
IR  Free-Electron  Laser  Upgrade  [1]  at  the  Thomas 
Jefferson  National  Accelerator  Facility  (Jefferson  Lab). 
The  dipoles  run  at  relatively  low  fields  ranging  from  0.05 
to  0.7  Tesla.  Two  sets  of  180°  “Bates  Lab”  arcs  with  three 
families  of  dipoles  (designated  GQ,  GX,  GY)  form  the  arcs 
of  the  racetrack  beam  path.  An  additional  family  (GW)  of 
four  dipoles  transport  the  beam  around  one  FEL  resonator 
mirror.  These  four  families  operate  between  0.16  and  0.71 
T.  Two  low  field  (0.05  T)  families  (GU,  GV)  reside  in  the 
injection  and  extraction  lines. 

We  used  the  window  frame  with  Purcell  gap  system 
dipole  style  of  the  IR  Demonstration  FEL  [2]  as  the 
starting  point  for  designs.  We  modeled  the  dipoles  using 
computer  models  making  use  of  faster  computers  and 
smaller  grids  than  had  been  used  in  the  past  to  resolve 
fields  in  3D  to  the  part  in  10s  level. 

♦Work  supported  by  the  US  DOE  Contract  #DE-AC05- 
84ER40150,  the  Office  of  Naval  Research,  The  Air  Force 
Research  Laboratory,  the  Commonwealth  of  Virginia,  and  the 
Laser  Processing  Consortium. 
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Table  1:  Dipole  Family  Characteristics 


Designator 

-Use 

Qty. 

Effective 

Length 

Core  Field 

m 

T 

GV  -  Injection/ 
Extraction 

6 

0.21 

0.045  -  0.061 

GU  -  Injection/ 
Extraction 

2 

0.43 

0.045-0.061 

GW  -  Optical 
Chicane 

4 

0.42 

0.223-0.592 

GX  -  Arc  Bend 

4 

0.894 

0.222  -  0.584 

GQ-  Arc  Reverse 
Bend 

4 

0.917 

0.222  -  0.584 

GY- Arc  Pi  (180°) 
Bend 

2 

3.14 

0.267-0.711 

We  took  care  to  build  the  magnets  to  match  the 
magnetic  models.  The  primary  item  to  match  is  precision 
gap.  We  obtained  gap  uniformities  at  the  part  in  10,000 
level  (7  pm).  This  tolerance  is  at  the  limit  of  achievement 
at  skilled  machine  shops  by  machining  or  grinding).  A 
gap-measuring  instrument,  using  a  Starrett  distance 
measuring  instrument,  with  0.25  pm  resolution  and 
electronic  read-out  enabled  this  difficult  measurement. 

The  next  item  we  attempted  to  match  to  the  model  is  the 
iron  in  the  core.  The  magnet  cores  are  made  of  solid  1006 
steel  while  all  field  clamps  and  some  auxiliary  core  parts 
of  the  GYs  are  made  of  1018  steel.  Families  of  magnets 
were  made  of  1006  steel  from  the  same  melt.  All  1006  had 
solution  annealing  in  vacuum  at  965  C  before  final 
machining.  All  manufacturers  were  cautioned  to  not  leave 
magnetic  footprints  on  pole  surfaces  from  lifting  or 
chucking  magnets.  Finally,  all  magnets  were  run  on 
hysteresis  loops  at  the  operations  ramp  rate  to  a  maximum 
current  above  the  set  point  and  then  set  to  running  current 
in  order  to  standardize  residual  fields. 

All  magnets  have  field  clamps  that  minimize  stray  field. 
Field  clamp  adjustability  in  the  beam  direction  also 
provides  ability  to  adjust  the  effective  length  by  about 
0.5%. 

The  core  field  and  field  integral  tolerances  for  these 
magnets  are  the  same  as  the  corresponding  dipoles  of  the 
IR  Demo  and  are  repeated  in  detail  elsewhere  at  this 
conference.  [3]  Basically,  core  fields  and  field  integrals  are 
to  match  to  1  part  in  1000  within  a  family  and  core  field 
and  integral  for  any  one  magnet  should  be  uniform  within 
a  few  parts  in  10,000  over  the  good  field  region.  Ail  but 
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one  family  met  these  tight  magnetic  specifications  over 
their  required  field  ranges.  (See  section  5  for  an 
explanation  of  the  exception)  Two  families  matched  the 
models  beautifully.  The  remainder  required  one  or  more 
adjustments  at  the  Magnet  Measurement  Facility  at 
Jefferson  Lab.  [3,6]  The  injection  and  extraction  dipoles 
were  accepted  for  a  single  momentum  of  9.2  MeV/c.  The 
recirculation  magnets  were  characterized  at  core  field 
levels  corresponding  to  80,  145  and  210  MeV/c  with  145 
MeV/c  as  the  baseline. 

2  INJECTION  AND  EXTRACTION 
DIPOLES  (GU/GV) 

DULY  Research  designed  the  two  families  of  window 
frame  style  injection  and  extraction  dipoles  [4]  using  the 
3D  program  Radia.  The  dipoles  were  designed  at  a 
maximum  field  of  0.061  T,  10  %  over  the  field  required  for 
nominal  10  MeV/c  operation. 

The  small  dipole  (GV)  was  the  most  difficult  magnet  to 
model  of  all  dipoles  because  it  is  short,  has  a  large  gap  in 
relation  to  its  length  and  is  a  20°  wedge.  At  the  narrow 
part  of  the  good  field  region,  the  magnet  length  is  the  same 
as  the  gap.  Characteristic  end  field  fall-offs  within  the  gap 
from  both  ends  of  the  magnet  superpose.  The  resulting 
droop  in  the  core  field  on  the  narrow  side  makes  it  difficult 
to  obtain  field  flatness  to  parts  in  10,000  over  the  good 
field  region.  DULY  found  that  using  the  mu  metal  Purcell 
gap  system  [2]  was  not  effective  for  flattening  the  field. 
DULY  Research  invented  a  trim  coil  system  as  a  solution 
to  this  problem.  DULY  also  incorporated  a  method  to 
adjust  out  the  non-linear  field  integral  gradient  across  the 
good  field  region  seen  in  their  models. 

The  large  injection/  extraction  dipole  (GU)  is  nominally 
double  the  magnetic  length  of  the  GV  and  much  simpler. 
The  GU  was  able  to  use  the  Purcell  gap  system  developed 
for  the  IR  Demo  to  flatten  the  core  field  and  didn’t  require 
the  trim  coil. 

Results:  DULY’s  trim  coil  system  worked  to  make  the 
core  field  flat  over  the  good  field  region.  However,  the 
current  is  7  %  higher  than  predicted.  In  addition,  we  found 
that  the  magnetic  wedge  angle  (field  integral  gradient)  of 
this  20°  wedge  magnet  is  not  constant  with  excitation. 
Therefore  we  picked  the  momentum  the  injector  was  set  at 
in  the  IR  Demo  (9.2  MeV/c)  as  a  single  operating  point. 
We  adjusted  the  angle  of  the  field  clamps  to  bring  the 
integral  gradient  to  a  20°  wedge  at  the  core  field  for  this 
momentum.  Additional  measurements  provided  the  field 
clamp  positions  for  other  excitations.  The  field  integrals 
were  smaller  than  predicted.  Since  the  magnet  is  a  wedge 
and  we  had  excess  width  to  the  good  field  region,  we 
shifted  the  wider  side  of  the  magnet  transverse  to  the  beam 
centerline  to  obtain  the  specified  field  integral  on  beam 
centerline.  We  found  that  magnetic  shim  material  on  the 
inside  of  the  field  clamps  on  either  side  of  beam  centerline 
corrected  a  problem  of  field  integral  gradient  nonlinearity. 
The  magnet  was  ramp  rate  sensitive  so  all  testing  was  done 
at  ramp  rate  used  for  operations  . 


The  modeling  of  this  low  field  magnet  where  much  of 
its  core  is  running  in  saturation  was  particularly 
challenging  in  view  of  the  high  fringe  fields  and  non¬ 
uniformity  for  magnetic  flux  distribution  [4].  Using  the 
adjustable  trim  coils  together  with  the  adjustments  and 
accommodations  discussed  earlier,  this  magnet  family  has 
the  best  conformance  to  specification. 

Results  on  the  GU  magnet  showed  that  the  model  was 
correct  in  its  uniformity  predictions  but  the  field  integral 
was  2%  long.  We  shortened  the  pole  tips  by  machining  the 
end  faces. 

Since  the  GVs  and  GU  were  to  be  run  on  the  same 
power  supply,  we  added  a  variable  shunt  around  the  GU 
magnet  that  permits  matching  the  magnets. 

3  OPTICAL  CHICANE  DIPOLE  GW 

The  Jlab  Engineering  Group  modeled  the  GW  dipole  as 
a  window  frame  style  rectangular  pole  magnet  with  Purcell 
gap  system  using  Opera  3D.  All  magnet  values  measured 
as  predicted,  matching  the  GX/GQ  magnets. 

4  BEND/REVERSE  BEND  DIPOLES  GX/GQ 

Advanced  Energy  Systems  Corp.  (AES)  modeled  the 
GX  &  GQ  magnets  using  AN SYS.  [5]  Micrometric  steps 
in  the  pole  tips  at  the  ends  and  comers  shaped  the  fields  to 
meet  uniformity  requirements.  The  magnets  are  “H”  style 
to  allow  optical  pipes  through  the  return  legs  of  the  yokes. 

The  GX  has  a  large  wedge  angle  (39.4°)  and  a  small  good 
field  region  (10.2  cm).  The  pole  is  enlarged  in  one  region 
for  a  second  beam  path  at  half  field.  When  half  the  coil 
turns  are  powered,  the  magnet  is  a  switch,  sending  beam  to 
the  UV  branch.  The  Reverse  Bend  Magnet  (GQ)  has  a 
small  wedge  angle  (10.4°)  with  larger  good  field  region 
(25.4  cm).  Both  families  are  similar  enough  to  be  powered 
in  series  with  no  shunt. 

Results:  The  GQ  core  field  and  field  integral  uniformity 
at  145  and  210  MeV/c  matched  the  model’s  profile.  Field 
uniformity  at  80  MeV/c  operation  was  only  obtained  by 
using  a  reduced  current  hysteresis  loop.  In  addition,  field 
integral  was  0.91%  short.  We  rectified  this  by  adding 
magnetic  shims  to  lengthen  the  poles.  The  field  integral 
gradient  was  not  linear  near  the  centerline.  We  rectified 
this  by  adding  0.75  mm  shims  to  the  inside  center  of  the 
field  clamps.  The  Bend  Magnet  (GX)  matched  the  model 
(including  the  half  field  “switch”  mode)  well  enough  in  all 
respects  to  meet  specification. 

5  PI  (180°)  BEND  GY 

AES  designed  the  Pi  Bend  as  a  window  frame  style  with 
Purcell  gap  system  using  ANSYS.  [5].  Modeling  indicated 
factors  of  3  to  4  improvement  in  field  uniformity  with  the 
system.  The  magnet  has  additional  coils  built  into  either 
end  of  its  poles,  making  the  pole  portions  into  path  length 
correctors  (designated  GG  coils). 

Results:  Unlike  the  model,  the  first  magnet  exhibits 
quadrupole  at  the  part  in  1000  level  and  sextupole  at  the 
parts  in  10,000  level.  [6]  (Perhaps  due  to  an  over-current 
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powering  at  the  start  of  measurement  which  we  never 
cancelled  by  degaussing.)  We  will  compensate  for  these 
errors  using  adjacent  multipole  trim  magnets.  Field 
integral  was  short  by  0.61%.  We  rectified  this  by  adding  1 
cm  shims  to  the  pole  end  faces. 

6  SUMMARY  AND  CONCLUSIONS 

Three  D  modeling  and  test  resulted  in  dipoles  that 
qualified  for  installation.  Modeling  provided  excellent 
design  guidance  for  obtaining  field  uniformity  as  well  as 
far  more  accurate  effective  lengths  than  obtainable  with  2D 
modeling.  The  GW  and  GX  families  qualified  directly.  The 
GQ  and  GY  ANSYS  models  predicted  effective  lengths 
within  1%  at  intermediate  fields.  For  low  field  magnets, 
Radia’s  length  prediction  was  2  %  high  for  the  GU  and  its 
current  prediction  for  the  highly  saturated  GV  was  7%  low. 
All  out-of-tolerance  conditions  were  recoverable  using 
adjustments,  shims,  pole  end  machining,  shunts  and  (as  a 


last  resort)  corrector  magnets.  We  had  provisions  for  all  of 
these  measures  built  into  the  magnets  or  available  to  us. 
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Abstract 

Magnetic  measurements  have  been  performed  on 
several  families  of  dipoles  for  the  10  kW  IR-FEL 
presently  under  construction  at  the  Thomas  Jefferson 
National  Accelerator  Facility.  The  requirements  for  these 
magnets  include  varying  field  strengths,  large  horizontal 
apertures  and  parts  in  10,000  field  homogeneity  as  well  as 
setability  of  core  and  integrated  field.  Measurements  were 
made  to  quantify  the  magnets  according  to  these 
requirements  and  to  determine  the  hysteresis  protocol, 
ramp  rate  dependence,  and  field  clamp  settings  that  are 
used.  This  paper  will  describe  the  results  of  these 
measurements  and  the  procedures  used  to  accomplish 
them. 

1  INTRODUCTION 

A  10  kW  infrared  (IR)  free  electron  laser  (FEL) 
upgrade  is  under  construction  at  the  Thomas  Jefferson 
National  Accelerator  Facility.  The  arc  dipoles  in  this 
machine  must  handle  beam  momenta  from  80  MeV/c  to 
210  MeV/c,  while  the  injection  and  extraction  dipoles 
must  handle  beam  momenta  from  8  MeV/c  to  1 1  MeV/c. 
The  dipoles  were  designed  to  meet  several  critical 
specifications  to  ensure  maximum  machine  performance 
and  setability.  Some  of  the  dipole  design  parameters  are 
shown  in  Table  1.  The  nominal  operating  momentum  for 
the  GU  and  GV  dipoles  is  9.2  MeV/c  and  for  the 
remaining  dipoles  the  nominal  is  145  MeV/c. 

2  DESIGN  REQUIREMENTS 

The  accelerator  required  a  total  of  22  bending  dipoles 
comprising  six  different  families,  five  of  which  are  wedge 
shaped.  This  put  constraints  on  the  reproducibility  of  the 
magnets  and  on  the  accuracy  of  the  core  and  integrated 
field.  Each  arc  string,  injection  string  or  extraction  string 
will  be  powered  in  series  using  a  separate  power  supply. 
These  strings  link  several  families  of  dipoles.  Both  arc 
strings  link  the  GY,  GX  and  GQ  dipoles.  The  first  arc 
string  also  links  the  GW  dipoles  from  the  optical  chicane 
region.  The  strings  in  the  injection  and  extraction  regions 
will  power  GV  and  GU  dipoles.  Out  of  tolerance  core 
fields  or  field  integrals  could  lead  to  undesirable  steering 
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and  focusing  effects.  Excitation  tolerances  for  the  dipoles 
are  listed  in  Table  2  [1]. 

Variable  shunts  across  the  GY,  GW  and  GU  magnets 
will  be  used  to  adjust  core  field  strength  to  maximize 
magnet  performance.  The  shunts  will  be  able  to  operate 
up  to  a  maximum  current  of  10  amps.  The  actual  shunt 
values  for  each  family  by  region  are  shown  in  Table  3. 


Table  1 .  Dipole  Design  Parameters 


Style 

Moment 

um 

Range 

(MeV/c) 

Core 

Field 

Range 

(kG) 

Effective 

Length 

(cm) 

Good 
Field 
Region 
_ (cm) _ 

GU 

8-11 

0.445- 

0.612 

43.43 

7.62 

GV 

8-11 

0.445- 

0.612 

21.00 

7.62 

GX 

80-210 

2.22-5.84 

91.75 

10.16 

GQ 

80-210 

2.22-5.84 

89.48 

25.4 

GW 

80-210 

2.23-5.92 

42.18 

7.62 

GY 

80-210 

2.67-7.11 

314.16 

20.32 

Table  2.  Dipole  error  tolerances  (rms) 


Parameter 

Relative  Error 
Tolerance 

Core  Field  Accuracy# 

0.1% 

Transverse  Field  Integral  and 

Core  Field  Flatness 

0.01% 

Field  Integral  Accuracy# 

0.1% 

Reproducibility 

0.01% 

|  #GY  Relative  Error  Tolerance  is  0.025%  | 

3  MAGNETIC  MEASUREMENTS 

The  dipoles  were  required  to  qualify,  by  meeting  the 
specifications  in  Table  2,  at  their  nominal  operating 
momentum.  However  additional  effort  was  expended  to 
qualify  them  over  their  entire  range. 

All  FEL  dipoles  were  measured  using  a  Group  3, 
Hall  effect  probe  on  the  magnet  measurement  Stepper 
Stand  [2].  This  stand  was  used  to  measure  core  and 
integrated  field  as  well  as  transverse  integral  and  core 
field  flatness.  A  Stepper  Stand  measurement  of  the  GX 
dipole  is  shown  in  Figure  1 . 
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Table  3.  Dipole  Shunt  Values 


Region 

Shunted 

Magnet 

Shunt  Value 
(%) 

9.2 

GU 

6.95 

Extraction 

9.2 

GU 

7.84 

1st  Arc 

145 

GY 

Not  Available 

Optical 

Chicane 

145 

GW 

0.87 

2nd  Arc 

145 

GY 

0.85 

Figure  1.  GX  Dipole  on  Stepper  Stand 


The  standard  measurement  procedure  set  the 
magnet’s  core  field  within  0.02%  of  the  nominal  design 
momentum  after  factoring  out  an  estimated  0.20% 
vacuum  chamber  field  contribution  [3].  Transverse 
profiles  were  conducted  to  ensure  that  the  core  field  was 
uniform  across  the  required  good  field  region  of  the 
magnet.  Once  field  uniformity  was  confirmed,  multiple 
straight  through  integral  measurements  were  taken  at 
different  transverse  locations  across  the  magnet.  These 
integral  measurements  were  used  to  adjust  the  design  field 
integral  at  the  nominal  centerline  to  match  the  design  core 
field  of  the  magnet  by  the  use  of  adjustable  field  clamps 
[4].  The  required  field  integral  gradient  was  obtained  by 
adjusting  the  field  clamps  angular  position  with  respect  to 
the  pole  ends.  Once  the  magnets  were  satisfactorily 
qualified,  the  field  clamps  were  pinned  to  the  magnet  core 
pieces  to  permanently  secure  their  positions. 

GV  Integral  T ransverse  Field  Uniformity  at  9.2  MeV/c 
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Figure  2.  GV  Integral  Transverse  Uniformity 


3. 1  Hysteresis  and  Ramp  Rate  Protocol 

A  current  setting  protocol  was  established  to  set  the 
current  for  the  main  coils  that  started  from  a  maximum 
current,  specific  to  a  given  momentum  and  magnet 
family,  standardizing  the  magnets  residual  field.  A  ramp 
rate  of  5  amps/sec,  +/ — 0.5  amp/sec  was  used  to  mimic 
the  characteristic  of  the  string  power  supplies.  Magnets 
were  run  through  one  hysteresis  loop  using  specific 
minimum  and  maximum  current  values  for  a  given 
momentum,  then  set  to  the  operating  current  from  the 
maximum  hysteresis  current. 

The  exception  to  this  procedure  was  the  GV  magnet, 
which  used  two  power  supplies  for  a  given  excitation.  The 
trim  coil  for  the  GV  dipoles  was  set  to  a  ramp  rate  of  -1 
amp/sec  and  operated  on  a  bipolar  10  amp  hysteresis  loop. 

5.2  The  GV  Injection/Extraction  Dipole 

The  GV  produced  the  least  uniform  field  of  the 
various  families  of  dipoles.  It  has  a  wedge  angle  of  20° 
and  is  only  3.4  inches  wide  at  its  narrow  end.  In  order  to 
meet  the  dipole  design  specifications  the  magnet 
employed  a  trim  coil  that  wrapped  around  the  return  legs 
of  the  magnet.  When  powered,  the  trim  coil  locally 
increased  flux  through  the  return  legs  to  the  point  of 
saturation.  This  saturation  effectively  caused  the  field  on 
one  end  of  the  dipole  to  excessively  bulge  resulting  in  a 
uniform  transverse  core  field  [5], 

In  order  to  meet  the  absolute  field  integral  design 
requirements,  these  magnets  were  shifted  transversely 
from  the  nominal  centerline,  taking  advantage  of  the 
magnet’s  wedge  shape  to  increase  or  decrease  the  field 
integral  proportional  to  the  transverse  offset. 

The  GV  proved  to  be  the  most  labor  intensive 
magnet  to  bring  into  specification  due  to  the  nature  of  its 
wedge  shape  and  a  combination  of  trim  coil  and  field 
clamp  adjustments.  However,  these  adjustments  allowed 
the  magnet  to  be  precisely  tuned,  and  produced  the  nicest 
transverse  integral  uniformity,  shown  in  Figure  2,  of  all 
the  FEL  upgrade  dipoles. 

5.5  The  GU Injection/Extraction  Dipole 

Once  the  GU  magnet  was  set  to  the  appropriate  core 
field,  the  integrated  field  was  found  to  be  2%  higher  than 
the  design.  This  difference  was  too  large  to  correct  using 
the  adjustable  field  clamps,  and  the  effect  of  the  magnet’s 
2.9°  wedge  angle  was  not  powerful  enough  to  make 
shifting  the  magnet  from  the  nominal  center  line 
plausible.  To  reduce  the  field  integral  the  magnet  pole 
face  was  shaved  by  0.29  cm  in  order  to  reduce  the 
integrated  field  so  that  it  matched  the  core  field.  The 
integrated  field  was  fine  tuned  by  shifting  the  magnet 
from  the  nominal  centerline,  in  the  same  manner  as  the 
GV  dipoles. 

3.4  The  GW IR  Chicane  Dipole 

The  GW  dipoles  used  in  the  IR  optical  chicane,  were 
the  least  troublesome  of  the  six  families  of  dipoles,  and 
was  the  only  family  that  did  not  have  a  wedge  shape. 
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Once  the  first  magnet  was  qualified,  the  remaining 
magnets  were  identically  set  up  and  qualified  with  no 
exceptions,  and  were  the  first  magnets  installed  in  the 
accelerator. 

These  dipoles  were  measured  on  the  translating  coil 
stand  as  well  as  the  Stepper  Stand.  Results  between  the 
two  measurements  have  validated  the  ability  of  the 
Stepper  Stand  to  confirm  transverse  field  integral  flatness. 
As  a  result  only  four  GW  magnets  and  one  GQ  magnet 
was  measured  on  the  translating  coil  stand. 

3.5  The  GX  Bend  Dipole 

The  39.4°  GX  dipoles  will  be  used  to  direct  the 
electron  beam  to  and  from  the  ultra  violet  (UV)  bypass. 
The  switching  will  be  engaged  by  physically  changing  the 
power  lead  configuration.  UV  operations  will  use  half  the 
coil  package  while  IR  operations  will  use  the  full  coil 
package.  Characterization  in  both  configurations  was 
made,  but  only  the  IR  configuration  will  be  discussed 
here. 

Transverse  core  field  measurements  fell  within 
specification,  but  a  significant  nonlinearity  was  found  in 
the  straight  through  integral  measurements  taken 
transversely  across  the  magnet.  An  interesting 
characteristic  about  this  magnet  was  that  the  electron 
beam  is  bent  so  extremely  that  straight  through  integral 
measurements  sampled  areas  of  field  that  the  beam  will 
not  encounter.  The  good  field  region  was  specified  normal 
to  the  beam  orbit,  not  along  a  straight  line  about  the 
nominal  center  line.  For  this  reason  straight  line  integrals 
could  not  be  used  to  quantify  the  magnet’s  transverse  field 
integral  uniformity.  Straight  through  integrals  were  used 
however,  to  quantify  the  field  integral  along  the  nominal 
centerline.  To  ensure  the  magnet  met  the  design 
specification  for  all  constraints,  a  grid  of  field  readings 
was  taken  inside  the  magnet.  These  readings  were 
compared  to  finite  element  models  used  to  design  the  GX 
dipoles  and  were  successfully  qualified  at  80  and  145 
MeV/c  [6]. 

3.6  The  GQ  Reverse  Bend  Dipole 

Straight  through  field  integrals  for  the  10.4°  GQ 
reverse  bend  dipoles  were  significantly  deficient  across 
various  excitations.  To  increase  the  integral  of  the  GQ 
dipoles,  a  face  shim  system,  0.419  cm  (0.165  in.)  thick, 
was  added  to  the  magnet  end  faces  to  extend  the  poles 
adjacent  to  the  magnet  gap  on  the  front  and  back  of  the 
top  and  bottom  core  plates.  In  order  to  meet  the  transverse 
field  integral  uniformity  requirement,  0.478  cm  (0,188  in.) 
thick  shims  were  used  to  locally  manipulate  field  in  order 
to  change  the  field  integral  to  meet  specification.  These 
shims  were  bolted  to  the  inside  of  each  of  the  field  clamps 
at  the  magnet  centerline.  The  effect  of  these  shim  systems 
was  only  quantified  at  80  and  145  MeV/c.  The  GQ  was 
ultimately  qualified  using  the  same  methods  as  the  GX 

m. 

Further,  this  magnet  is  also  used  as  a  corrector 
dipole,  designated  GF.  The  GF  was  measured  at  10  amps 


and  found  to  produce  a  field  integral  of  1244  G-cm,  which 
was  consistent  with  the  design  field  integral  of  1000  G- 
cm. 

4  CONCLUSIONS 

To  date  all  IR  FEL  arc  dipoles  have  been  measured 
except  for  the  GY  dipoles,  though  the  first  GY  should  be 
completed  within  days  of  this  writing  [8].  All  dipoles 
have  sufficiently  passed  their  magnet  measurement 
qualifications.  Due  to  scheduling  priorities  the  GV  and 
GU  magnets  were  qualified  only  at  9.2  MeV/c  and  the 
remaining  arc  dipoles  were  qualified  only  at  80  and  145 
MeV/c.  Integrated  and  core  field  measurements  have 
suggested  the  necessary  shunt  settings  to  optimize  each 
string’s  magnetic  performance.  If  it  is  found  that  the 
magnets  are  not  performing  to  a  satisfactory  level,  or  if 
extrapolation  does  not  adequately  predict  magnet 
performance  for  arc  dipole  operations  at  210  MeV/c, 
additional  measurements  will  be  performed. 
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Abstract 

The  final  focus  system  for  the  Thomson  X-ray 
scattering  experiment  termed  PLEIADES  (Picosecond 
Laser-Electron  InterAction  for  Dynamic  Evaluation  of 
Structures)  at  LLNL  demands  ultra-high  field  gradient 
quadrupoles  in  order  to  focus  initially  small  beams  to  10- 
20jim  spot  sizes.  The  scheme  present  here  circumvents 
limitations  due  to  chromatic  aberrations  and  space-charge 
effects  in  this  relatively  low  energy  (clOOMeV)  system. 
The  final  focus  scheme  is  based  on  an  ultra-high  gradient 
(>300T/m)  quadrupole  which  employs  the  Halbach  16- 
piece,  permanent  magnet  design.  Use  of  this  optimized 
geometry,  NdFeB  material,  and  a  small  (5mm)  bore 
allows  the  desired  field  gradient,  and  a  few  cm  focal 
length,  to  be  achieved.  The  adjustability  of  the  focusing 
system  is  obtained  by  changing  the  relative  longitudinal 
positions  of  sub-component  focusing  and  defocusing 
magnets  on  precision  movers.  We  present  the  results  of 
RADIA  3D  design  simulations,  and  also  discuss  the 
results  of  beam  dynamics  simulations  of  the  PLEIADES 
system  using  the  tracking  code. 

INTRODUCTION 

PLEIADES  (Picosecond  Laser  Electron  InterAction  for 
Dynamic  Evaluation  of  Structure)  is  a  next  generation 
Thomson  x-ray  source  facility  at  LLNL  (Lawrence 
Livermore  National  Laboratory)  which  expected  to 
produce  x-ray  flux  between  107-108  photons  at  pulse 
durations  of  lOOfs  to  5ps  long[l].  The  maximum 
production  of  x-rays  depends  on  short  duration  electron 
bunch  generated  by  a  photo-injector,  and  the  new 
installation  of  high  performance  beam  optics  for  a  tightly 
focused  small  transverse  beam  size  at  the  Thomson 
interaction  zone.  The  standard  UCLA  electromagnetic 
quad  triplet  (<15T/m)  currently  installed  at  the  facility 
gives  a  final  beta  function  of  13.5mm;  this  corresponds  to 
a  rms  spot  size  of  about  67pm.  Achieving  a  spot  size  of 
even  smaller  scale  at  the  interaction  point  is  done  with  a 
strongly  magnetized  permanent  magnet  based  quadrupole 
magnets.  An  immediate  advantage  of  permanent  magnet 
quadrupole  over  the  standard  quadrupole  is  in 
miniaturization  of  design  without  reduction  of  magnetic 
field  strength.  On  the  other  hand  standard  quad’s  field 
strength  has  a  linear  proportionality  dependence  on 
physical  size,  or  (current  density)'1. 

We  have  devised  a  quad  which  is  an  asymmetric  triplet 
configuration.  TRACE  3D  code  is  used  to  simulate  beam 
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transport  of  30-60MeV,  normalized  emittance  of  10mm- 
mrad,  and  beta  function  of  7mm/mrad.  The  lattice 
configuration  is  proved  to  be  working  well  as  shown  later 
in  the  simulation  results. 

16-PIECE  HALBACH  PMQ  MODEL 

Magnet  Design 

We  adopted  a  design  initially  proposed  by  Halbach[2]. 
The  design  of  a  PMQ  consists  of  16-piece  magnet  blocks 
put  together  to  form  a  cylinder  of  10mm  in  length,  2.5mm 
in  bore  radius  and  7.5mm  in  outer  radius.  A  slanted  side 
view  of  a  complete  assembly  of  a  PMQ  is  illustrated  in 
Fig.  1.  Also  shown  in  the  figure  on  the  right-hand  side  is 
the  magnetic  easy-axis  direction  in  each  magnet  block 
piece  which  rotates  by  22.5°  angle  from  one  magnet  block 
to  the  next.  The  remnant  magnetic  field  of  each 
Neodymium  Iron  Boride  (NdFeB)  magnet  is  set  to 
Br— 1.2T.  These  final  magnet  physical  parameters  are 
chosen  to  obtain  a  desired  high  field  gradient  B’>300T/m 
in  the  3D  magnetostatics  modeling. 


Fig  1:  16-piece  Halbach  PMQ  illustrated  on  left.  Magnetic 
easy-axis  directions  illustrated  (red  arrows)  on  right. 

3D  Modeling:  Radia 

A  freely  available  magnetostatics  computation  software 
code  termed  Radia[3]  was  used  in  3D  modeling  and 
numerical  analysis  of  a  16-piece  Halbach  PMQ.  Radia 
provides  easy-to-define  functions  to  easily  create  a 
sophisticated  virtual  model,  and  its  capability  to  interface 
with  Mathematica®  allows  one  to  easily  do  post-numeric 
analyses. 

The  desired  field  strength  of  B'=318.3T/m  is  obtained 
after  a  series  of  trial-and-error  computations  are  carried 
out.  The  magnetic  field  gradient  plotted  in  the  bore  region 
exhibited  a  linear  behavior  as  shown  in  Fig.  2.  Near  the 
bore  surface  we  encounter  non-linear  fields,  and  we 
suspect  this  is  because  magnetic  field  symmetry  is  broken 
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Fig  2:  Magnetic  field  gradient  B'  plotted  in  the  bore 
region. 

as  one  moves  close  to  the  magnet  bore  surface  where 
higher  magnetic  multipole  moments  are  no  longer  small 
perturbations.  As  can  be  seen  from  Radia  results, 
significantly  large  integrated  sextupole  and  dodecapole 
fields  are  found  at  a  reference  radius  of  2mm. 

Generally  the  fringe  field  is  simply  neglected  by 
assuming  Bz  field  to  be  a  step  function  with  a  constant 
nonzero  field  within  and  zero  outside  of  PMQ.  This  is  to 
be  replaced  when  one  considers  a  short  fringe  field 
extending  away  from  two  ends  of  a  PMQ.  Fortunately, 
Radia  can  automatically  define  the  fringe  field 
components  into  our  PMQ  model.  For  our  chosen 
physical  input  parameters,  we  obtained  an  effective 
magnetic  length  of  10.23mm.  The  magnetic  field 
plotted  in  axial  direction  is  shown  in  Fig.  3.  An  deviation 
in  focal  length  of  PMQ  due  to  magnetic  length  difference, 

8 l~lejrU  is  defined  by 

(1) 

where  K  is  the  quadrupole  focusing  strength.  For  K= 
1.9*103m'2  (50MeV,  318.3T/m),  /-10mm  and 

8/=0.23mm,  a  focal  length  deviation  of  ±1.2mm  is 
expected. 

Design  Tolerance 

So  far  we  have  described  an  ideal  PMQ  model  where 
design  imperfection  is  not  factored  into  our  modeling. 
However,  we  need  to  find  out  the  performance  of  our 
magnet  design  in  the  presence  of  fabrication  and  assembly 
errors. 

Possible  mechanical  and  magnetic  imperfections  are 
easily  defined  into  the  Radia  3D  modeling  of  PMQ  and 
showed  the  robustness  of  our  PMQ.  Allowing  tolerances 
of  ±1%  and  ±0.1°  in  mechanical  and  magnetic  values,  we 
obtained  the  new  magnetic  field  gradient  320.9T/m  and 
the  magnetic  effective  length  10.07mm,  or  respectively 
±0.8%  and  ±1.2%  in  deviations  from  the  ideal  model. 

When  16  magnets  are  pieced  together  to  form  a  PMQ, 
these  magnets  will  mutually  try  to  influen  ce 
magnetization  characterizations.  Such  mutual  magnetic 
influence  can  in  fact  change  the  over  all  ma  gnetic 
properties  of  a  PMQ.  In  Radia,  magnetic  relaxation  of  the 
PMQ  due  to  inter-magnetic  field  interactions  among  16 
magnet  block  is  shown  to  be  almost  negligible:  the 
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Fig  3:  Magnetic  field  is  plotted  in  the  PMQ  axis  direction. 

absolute  average  in  change  of  magnetizations  in  16 
magnet  blocks  is  3*10'3%. 

Magnet  Material  Properties 

High  performance  permanent  magnet  materials  are 
known  to  be  available  in  current  market  in  large  quantities 
such  as  Neodymium  Iron  Boride  (NdFeB),  Samarium 
Cobalt  (SmCo)  and  Ferrite  (Fe203).  Particularly  NdFeB  is 
suitable  for  our  application  for  its  high-performance 
magnetic  properties,  machineability,  strong  material 
characteristic  and  availability  of  low-cost  high-grade 
magnet  material.  In  contrast,  SmCo  is  generally  known  to 
be  weaker  in  Br  by  25%,  extremely  brittle  and  more 
expensive  than  NdFeB.  Key  magnetic  properties  of 
NdFeB  (grade  35SH)  are  listed  in  Table  1[4]. 

Radiation  hardness  of  NdFeB  magnet  compound  seems 
to  exhibit  a  moderate  level  of  resistant  against  magnetic 
degradation^].  At  PLEIDEAS  facility,  magnets  will  be 
operated  at  constant  room  temperature  which  is 
significantly  below  our  maximum  operation  temperature 
of  160°C,  and  Br  loss  to  due  temperature  fluctuation  is 
expected  to  be  below  a  loss  rate  of  0.10%/°C.  The 
summary  of  remanence  loss  due  to  irradiation  sources  are 
as  follow:  the  exposure  of  69Mrad  of  60Co  y-ray 
irradiation  doses  resulted  in  no  remanence  loss,  1.5% 
remanence  loss  is  observed  after  direct  hit  by  a  total  of  25 
pulses  of  82MeV  electron  beams,  and  the  most  remanence 
loss  is  observed  in  NdFeB  by  Bremsstrahlung  source  at  a 
dose  of  0.45Grad  induced  2%  minimum  up  to  14% 
maximum  in  loss[5].  We  expect  to  minimize  a  remanence 
loss  by  placing  lead  based  collimators  before  and  after  the 
PMQ  final  focus  system.  Also,  a  high  internal  coercivity 
of  NdFeB  material  helps  to  reduced  remanence  loss.  A 
further  detail  study  of  radiation  induced  remanence  of  our 
NdFeB  PMQ  system  is  warranted  in  the  future. 


Table  1:  NdFeB  Grade  35SH  Properties 


Br  (Gauss) 

12,200  ! 

He  (Oersteds) 

11,700 

Hci  (Oersteds) 

26,000 

Max.  Energy  (MGOe) 

36 

Temp.  Coeff.  Of  Br  (%/°C) 

-0.10 

Max.  Op.  Temp.  (°C) 

160 

Density  (lb/in3) 

0.271 
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Fig.  4:  TRACE3D  simulation  of  30MeV  (Top)  and 
60MeV  (Bottom)  beam  bunches  transporting  through 
PMQ  final  focus  system. 


FINAL  FOCUS  BEAM  TRANSPORT 
SIMULATIONS 

PMQ  Triplet  Final  Focus  System  Layout 

Our  PMQ  asymmetric  final  focus  system  consists  of 
three  permanent  magnets  arranged  in  Focus-Defocus- 
Focus  (FODO)  lattice  configuration.  The  first  PMQ  is 
lcm  long  and  the  second  and  third  PMQs  are  2cm  long. 
Increase  in  physical  length  of  PMQ  effectively  changes 
magnetic  field  gradient  and  effective  magnetic  length  of  a 
longer  PMQ:  326.5T/m  and  20.07mm. 

TRACE  3D  Simulation 

TRACE  3D  simulation  results  showed  the  tunability  of 
focusing  strength  of  PMQ  final  focus  system.  In  practice 
tunability  is  achieved  through  varying  drift  space  lengths 
with  linear  translators.  The  initial  electron  beam 
parameters  entering  the  first  PMQ  are  shown  in  Table  2. 
For  60MeV  beam  energy,  the  optimum  focusing  is 
achieved  for  drift  space  lengths  of  36.52mm,  21.50mm 
and  41.84mm.  The  final  transverse  p  functions  obtained 
from  the  simulation  are  both  1.41mm.  The  adjustability  of 
PMQ  system  for  a  different  beam  energy  setting  is  also 
demonstrated  in  the  simulation.  For  30MeV,  beam 
parameters  are  assumed  to  be  the  same  as  before  for 
60MeV.  The  optimum  focusing  is  achieved  for  drift  space 
lengths  of  7.79mm,  1.40mm  and  12.92mm.  The 
transverse  final  p  functions  are  0.50mm  and  0.49mm.  The 
TRACE3D  simulation  plots  of  30  and  60MeV  beams  are 
shown  in  Fig.  4. 

Conclusion 

3D  modeling  of  the  PMQ  with  Radia  demonstrated  a 
high  magnetic  performance  based  on  16-piece  Halbach 
permanent  magnet  quadrupole  (PMQ)  of  >300T/m  and 
B'4jr3T  integrated  magnetic  field.  And  the  beam 
transport  simulation  of  PMQ  final  focus  triplet  system 
with  TRACE  3D  demonstrated  a  viability  of  linear 
translator  mechanical  device  scheme  to  control  effectively 
the  focusing  strength  of  PMQ  final  focus  system:  control 
of  individual  PMQ  position  with  linear  translator  device. 
We  have  also  shown  in  Radia  that  our  PMQ  had  a 


Table  2:  Initial  electron  beam  parameters 


Beam  energy 

59.2MeV 

oE 

0.2% 

ot 

4ps 

^xn>  6vn 

lOmm-mrad 

Ox 

0.124  ^ 

_ Si _ 

0.146 

_ Px 

6.56mm/mrad 

_ Pv 

6.48mm/mrad 

Beam  charge 

250pC 

minimum  error  in  its  magnetic  characteristics  under 
presences  of  mechanical  and  magnetic  tolerances  of  ±1% 
and  ±0.1°.  Remanence  loss  due  to  radiation  bombardment 
is  moderately  low  as  detail  experimental  results 
showed[5].  We  also  expect  a  temperature  fluctuation  to 
incur  no  remanence  loss.  But  we  will  need  a  future  plan  to 
study  systematically  both  of  these  factors  in  our  PMQs. 
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CANADIAN  LIGHT  SOURCE  MAGNETS 
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Abstract 

Magnets  for  the  Canadian  Light  Source  (CLS)  storage 
ring  have  been  designed  and  constructed.  Magnets  include 
gradient  dipoles,  quadrupoles,  sextupoles,  orbit  correctors, 
injection  septum  and  kickers.  The  compact  CLS  lattice 
requires  strong  focusing  and  consequently  field  gradients 
approach  the  upper  limit  of  conventional  magnet 
technology.  Magnets  have  been  manufactured  by  industry 
at  a  variety  of  locations.  Prototypes  have  been  developed 
and  measured  and  meet  the  requirements  set  out  in  the 
magnet  specifications.  A  description  of  the  CLS 
quadrupole,  sextupole  and  corrector  magnets  and  magnet 
measurement  results  will  be  presented. 

DIPOLE  MAGNETS 

The  CLS  [1]  requires  24  gradient  dipole  magnets. 
These  magnets  were  built  at  TESLA  Engineering  in 
Storrington,  U.K.  and  are  described  in  ref.  [2], 

QUADRUPOLE  MAGNETS 

The  CLS  requires  three  families  of  quadrupole  magnets. 
Two  families  have  the  same  design.  The  third  family  has 
the  same  design  but  is  about  50%  longer.  Parameters  are 
given  in  Table  1. 


Table  1  Quadrupole  Design  Parameters. 


|Name 

■S9 

QFC 

zq 

ESeSSS 

48 

24 

22.2 

22.2 

ES3 

0.170 

0.253 

mm 

[Aperture  0 

0.065 

0.065 

4  Inner 

4  Outer 

4  Inner 

4  Outer 

Turns  /  coil 

69 

35 

69 

35 

t 

Current 

87.50 

87.50 

A 

Amp  turns 

9100 

9100 

A-t 

1  Conductor  (per  magnet)  I 

area 

4.762 

4.762 

mm2 

cooling  0 

3.19 

3.19 

mm 

length 

180 

108 

226 

130 

m 

resistance 

220 

132 

276 

159 

mfi 

Voltage 

19.2 

11.5 

24.1 

13.9 

V 

Power 

1.68 

1.01 

2.11 

1.21 

kW 

AT  of  water 

8.00 

3.48 

11.1 

4.55 

°C 

Water  flow 

3.0 

4.2 

2.7 

3.8 

L/m 

0.80 

1.1 

0.72 

1.0 

GPM 

Pole  tips  are  designed  to  minimize  the  multipole 
content  of  the  magnets.  Details  of  the  geometry  are  given 
in  ref.  [3].  The  sum  of  the  higher  order  harmonics,  inside 
a  radial  good  field  region  of  r  <  30mm,  were  required  to 
satisfy  the  relationship: 

ly-1  j \B{i)di 

-  0.002  <  - - - <  0.002  (1) 

r\B\l)dl 

where  B'(l)  and  B„(l)  are  the  quadrupole  field  and  the  «th 
harmonics  along  the  magnet  axis  (/). 

The  quadrupoles  have  a  top  yoke  and  a  bottom  yoke  as 
shown  in  figure  1.  The  yokes  are  joined  by  two  non¬ 
magnetic  end  plates  with  an  open-side  construction  that 
allows  for  a  vacuum  chamber  with  an  antechamber  for  the 
passage  of  synchrotron  light. 


Figure  1 .  Isometric  View  of  the  Quadrupole  Design. 

The  quadrupole  magnets  were  built  by  SigmaPhi  in 
Vannes,  France.  One  of  the  finished  magnets  is  shown  in 
figure  2.  The  quadrupole  is  shown  mounted  on  one  of  the 
CLS  magnet  girders.  The  stainless  steel  end  plates  also 
supply  a  precision  interface  to  the  machined  girder  for 
alignment. 

All  magnets  from  all  three  families  were  measured  at 
SigmaPhi  with  a  rotating  coil  assembly.  Although  a  few 
of  the  magnets  had  higher  order  harmonics  outside  the 
specification  defined  in  eq.  (1),  the  average  value  of 
higher  harmonics  was  much  better  than  specified. 
Subsequent  modelling  of  the  CLS  lattice  with  the  “as- 
built”  magnets  indicated  an  improved  lattice  performance 
compared  to  the  original  harmonic  estimates. 
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Figure  2.  Fabricated  Quadrupole  Magnet. 


For  an  example,  the  average  harmonics  for  the  QFA 
family  of  quadrupoles  is  shown  in  Table  2.  In  the  table 
In/2  is  the  integrated  gradient  strength  of  the  n*  harmonic 
relative  to  the  integrated  quadrupole  gradient  (I2)  in  units 
of  m^n  2\  Tilt  indicates  the  rotation  (skewness)  of  the 
harmonic  in  mrads  [tilt-tan'1  (skew/normal)/(n- 1 )]. 


Table  2:  Measured  Harmonics  for  Family  QFA 


n 

3 

4 

5 

6 

7 

In/2 

0.0535 

5.31 

1.25E2 

1.49E4 

1.22E6 

tilt 

-297.4 

-15.3 

1.97 

3.98 

1.58 

n 

8 

9 

10 

11 

12 

In/2 

2.65E8 

6.18E10 

3.55E13 

3.21E15 

1.12E18 

tilt 

21.78 

-9.34 

-2.10 

2.59 

6.70 

SEXTUPOLE  MAGNETS 

The  CLS  requires  two  families  of  sextupoles,  Family  1 
has  24  magnets  and  family  2  has  twelve.  The  yokes, 
mechanical  assembly  and  sextupole  field  requirements  for 
each  family  are  the  same.  Family  1  also  has  separate  coils 
for  each  of  X-corrector,  Y-corrector  and  skew  quadrupole 
functions.  Family  2  has  extra  coils  for  skew  quadrupoles. 
The  sextupole  parameters  are  given  in  table  3. 

Details  of  the  geometry  are  given  in  ref  [3].  The  sum  of 
the  higher  order  harmonics,  inside  r  <  30  mm,  were 
required  to  satisfy: 


01  (2) 


fy-1 1 b  ( i)di 

-0.01  <^— r - - - <0. 

r2  j53(/y/ 


where  B3  is  the  sextupole  field.  Similar,  but  more  relaxed, 
requirements  were  specified  for  the  corrector  and  skew 
quadrupole  fields. 


Table  3:  Sextupole  Design  Parameters 


WM 

36 

267.8 

T/m2 

Length 

0.192 

m 

Aperture  0 

0.078 

m 

Coils 

6 

iSSSIHMMH 

36 

t 

[Max  Current 

117.5 

A 

4230 

A-t 

Conductor  area 

4.762 

mm2 

cooling  0 

3.18 

m 

length 

144 

m 

resistance 

175 

mH 

Voltage 

20.6 

V 

Power 

2.42 

kW 

AT  of  water 

8.0 

°C 

Total  Flow 

4.36 

L/min 

1.15 

GPM 

The  sextupoles,  also  manufactured  at  SigmaPhi  have  a 
construction  similar  to  the  quadrupoles  as  shown  in  figure 
3.  Non-magnetic  end  plates  support  three  yoke  pieces 
each  containing  two  poles  in  an  open-sided  assembly. 
The  plates  also  serve  as  an  interface  to  the  girders.  One  of 
the  finished  family  1  sextupoles  is  shown  in  figure  4. 


Figure  3.  Isometric  View  of  the  Sextupole  Design. 


On  average,  the  sextupole  magnets  also  met  the  specs 
defined  by  eq.  (2.).  The  analysis  for  the  family  1 
sextupoles  is  given  in  table  3,  where  the  relative  strengths, 
In/3  are  now  w.r.t  the  sextupole  strength  I3. 
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Figure  4.  Fabricated  Sextupole  Magnet  (Family  1) 


Table  4:  Measured  Harmonics  for  Family  1  Sextupoles 


n 

4 

5 

6 

7 

In/3 

0.0533 

4.47 

2.17E2 

3.01E4 

tilt 

69.64 

99.92 

-25.85 

23.40 

n 

8 

9 

10 

11 

12 

In/3 

9.51E6 

1.23E9 

4.03E11 

8.61E13 

2.74E16 

tilt 

-15.03 

-7.95 

0.02 

-7.62 

35.23 

ORBIT  CORRECTORS 

The  CLS  requires  24  combined  horizontal/vertical  orbit 
correctors.  The  corrector  parameters  are  given  in  table  5 
and  details  of  the  design  are  given  in  ref.  [4].  The 
correctors  were  built  at  Budker  Institute  in  Novosibirsk, 
Russia.  A  schematic  of  the  corrector  is  shown  in  figure  5 
and  the  finished  magnet  in  figure  6.  The  two  coils  on  the 
right  drive  the  vertical  field  while  two  sets  of  coils  are 
used  to  drive  the  horizontal  field.  The  harmonic  content  of 
the  fields  was  required  to  satisfy  conditions,  similar  to  the 
sextupole  correctors. 


Figure  5.  Corrector  Schematic. 


Figure  6.  Fabricated  Corrector  Magnet. 


Table  5.  Orbit  Corrector  Design  Parameters 


24 

0.150 

m 

Gap  (yoke)  G 

0.108 

m 

Gap  (coils)  g 

0.044 

m 

1.4 

mrad 

0.090 

T 

0.090 

T 

V^tl 

Bv 

Bx 

3j 

2 

2 

2 

Turns 

24 

39 

36 

t 

Current 

180 

180 

180 

A 

Amp  turns 

4320 

7020 

6480 

A-t 

Conductor  area 

6.482 

6.482 

6.482 

mm2 

cooling  0 

3.18 

3.18 

3.18 

mm 

length 

34.574 

49.964 

46.334 

m 

resistance 

18.7 

27.0 

25.0 

mO 

Voltage 

3.36 

4.86 

4.5 

V 

Power 

605 

874 

810 

W 

AT  of  water 

3.28 

5.96 

5.29 

°c 

Total  flow 

2.65 

2.12 

2.20 

L/min 

0.7 

0.56 

0.58 

usGPM 
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Abstract 

Strong  Permanent  Magnet  Quadrupole  Lens  is  one  of 
the  candidates  as  the  final  focus  lens  for  the  linear  collider, 
because  of  its  compactness  and  less  power  consumption, 
while  one  drawback  is  its  fixed  strength.  The  total 
strength  of  a  lens  can  be  changed  by  rotating  subdivided 
pieces  separately.  Some  issues  on  such  a  system  will  be 
discussed. 

INTRODUCTION 

High  magnetic  field  generation  as  high  as  4.45T  has 
been  demonstrated  without  superconducting  technology. 
It  is  based  on  the  modified  Halbach’s  configuration 
[1,2, 3, 4],  which  introduces  saturated  iron  poles  to  the 
original  configuration  to  enhance  the  magnetic  field 
strength[5,6,7].  This  situation  is  explained  in  Fig.  1, 
whose  left  figure  shows  the  original  Halback’s 
configuration.  The  operating  point  of  the  circled  region  in 
the  figure  is  far  in  the  first  quadrant  in  B-H  curve  (see 
right  figure  in  Fig.  1).  Even  plain  soft  iron  can  generate 
higher  magnetic  flux  density  than  any  known  permanent 
at  such  operating  point.  By  replacing  permanent  magnet 
material  in  the  region  with  soft  iron,  the  magnetic  field 
density  increases  even  with  such  simple  case  (see  Fig.  2). 
One  can  optimize  the  dimensions  to  obtain  more  effect 
from  this  technique.  Fig.  3  shows  the  fabricated  magnet 
that  has  achieved  the  4.45T  magnetic  flux  density  and  the 
calculated  field  density.  The  magnetic  flux  density  is 
expected  to  become  higher  when  we  cool  down  it  more. 

Same  technique  can  be  applied  to  a  quadrupole  magnet 
and  can  generate  higher  magnetic  field  gradient  than  a 


Fig.  3  4.45T  permanent  magnet  dipole. 


plain  electromagnet.  This  feature  may  have  advantage  in 
the  linear  collider  field  since  it  needs  rather  stronger 
magnetic  filed  gradient.  A  structure  of  a  test  quadrupole 
magnet  using  the  saturated  iron  is  reported  in  this  paper. 
The  measured  data  is  also  presented. 


Halbach’s  dipole  REC  magnet 


1.37  T  @rv  r2=lan,  4cm 


H  [k  A/m] 


Fig.  1  Left:  original  Halback’s  configuration  can 
generate  1.37T  in  the  bore.  Right:  The  operating  point  of 
the  region  marked  by  the  circle  in  the  left  figure  is  far  in 
the  first  quadrant  of  the  B-H  curve,  where  plain  soft  iron 
is  stronger  than  permanent  magnet. 


QUADRUPOLE 


Fig.  4  shows  the  flux  plot  of  the  designed  permanent 
magnet  quadrupole  calculated  by  PANDIRA.  The  field 
strength  and  gradient  are  also  shown  in  the  figure.  The 


Fig.  4  Permanent  Magnet  Quad  with  saturated  iron. 
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field  gradient  is  calculated  as  0.3T/mm.  The  inner 
diameter  and  outer  diameter  are  ol4  mm  and  0IOO  mm, 
respectively.  It  is  segmented  into  12  trapezoidal  sections 
and  inner  parts  of  four  of  them  are  replaced  by  soft  iron 
material.  The  outer  diameter  of  the  SUS  case  is  0130  mm, 
which  can  leave  the  space  for  outgoing  beam  after  the 
interaction  point  when  the  crossing  angle  of  the  two 
colliding  beam  is  set  to  0.02  radian  assuming  that  the 
distance  between  the  interaction  point  and  the  edge  of  the 
quadrupole  is  3.5m.  The  beam  separation  increases 
towards  the  far  end  of  the  2m-length  quadrupole  lens. 

The  3D  calculation  is  performed  on  the  geometry 
shown  in  Fig.  5.  The  total  length  is  10cm  and  that  of  the 
iron  poles  are  9cm.  Both  the  ends  of  the  iron  poles  are 
capped  by  permanent  magnet  pieces,  which  push  the  flux 
in  and  reduces  the  fringing  field.  Fig.  6  shows  the 
calculated  results  of  the  field  gradients  along  the  axis. 
This  figure  also  shows  the  cases  when  the  iron  poles  are 
not  used  and  when  the  iron  poles  are  extended  till  the 
ends.  It  shows  the  effect  of  the  saturated  iron  in  the  PMQ 
application.  Although  the  integrated  gradient  is  the 
strongest  in  the  case  of  full  length  iron  pole,  it  exhibits 
longer  fringing  field  and  slightly  less  peak  gradient  at  the 
center  (z=0)  and  thus  we  adopted  the  former  option  to 
demonstrate  both  the  strong  focal  strength  and  the  high 
gradient.  Fig.  7  shows  the  assembled  PMQ  where  the 
endplate  is  removed.  The  extra  small  magnets  are  glued 
on  the  endplates  and  are  not  shown. 


PM  t 


wEam 


h-9cm-H 


10cm- 


Fig.  5  3D  configuration  of  the  PMQ.  The  iron  poles  are 
lcm  shorter  and  replaced  by  permanent  magnets  pushing 
the  flux  inside  to  reduce  the  fringing  field. 


Fig.  6  Calculated  field  gradient  along  the  axis. 
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Fig.  7  The  PMQ  with  saturated  iron. 


MEASURED  RESULTS 

The  magnet  was  shipped  to  SLAC  and  kindly  measured 
by  them.  The  magnet  was  placed  on  V-blocks  and  the 
integrated  field  was  measured  by  a  rotating  coil[8]  (see 
Fig.  8).  The  measured  integrated  field  gradient  was  28.5 
[T]  while  the  calculated  value  was  29.7  [T]  for  full  length. 
About  5%  difference  seems  reasonable  within  our 
experience.  Harmonics  components  are  shown  in  Fig.  9. 
The  dipole  component  comes  from  misalignment  of  the 
magnet  center  against  the  coil  axis.  Other  components 
except  n=2,6,10...,  which  are  inhibited  by  the  rotation 
symmetry,  have  somewhat  larger  amplitudes. 


Fig.  8  Magnetic  field  measurement  setup  at  SLAC. 


100 

10 


0.1 


0.01 


0.001 


Harmonics  @  r=4mm 
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n 


Fig.  9  Harmonics  components.  Except  quadrupole 
(n~2)  and  dodecapole  (n=6)  components  are  larger  than 
expected. 
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ADJUSTABILITY 

The  adjustability  of  the  focal  strength  down  to  25%  is 
required  for  a  calibration  run  with  1%  resolution.  The 
focal  strength  adjustments  on  the  PMQs  have  been 
realized  by  adjusting  a  rotation  angle  of  each  separated 
PMQ  in  a  system  such  as  a  triplet,  while  this  scheme 
introduces  skew  components.  Because  the  skews  have  to 
be  strictly  inhibited  in  the  linear  collider  application,  this 
scheme  is  not  directly  applicable.  The  fiill  90  degree 
rotation,  however,  just  switches  the  focus  Q  to  defocus  Q 
and  vice  versa.  Thus,  the  2-m  length  quadrupole  lens  will 
be  divided  into  ten  20-cm  units  and  each  unit  will  be 
divided  into  four  different  PMQs  with  binary  way  (see 
Fig.  10).  When  a  smallest  PMQ  that  has  0.5%  focal 
strength  of  the  total  system  flips  90  degree  around  its  axis, 
the  total  focal  strength  changes  1%.  One  issue  for  such 
scheme  is  that  the  mechanical  rotation  may  cause  a 
magnetic  center  movement.  Magnetic  force  between  each 
PMQ  may  increase  such  effect,  which  can  be  reduced  by 
putting  a  space  with  reduction  of  the  packing  factor.  For 
shorter  PMQs,  the  saturated  iron  technique  may  not  be 
applicable  because  they  are  too  short  to  keep  the 
operating  point  high.  This  may  make  the  total  length 
longer. 

Binary  switch  of  F«-*D  by  rotating  90  deg. 

20cm/module 


OD:  olOOmmD 
ID:  ol4mm 


piezo  actuator 


Fig.  10  Binary  stepwise  PMQ  unit.  Each  PMQ  can  be  flip 
90  degree  around  its  axis. 

We  are  also  investigating  another  way  to  adjust  the 
focal  strength  (  see  Fig.  11).  There  are  two  PMQs;  inner 
PMQ  and  outer  PMQ.  The  outer  PMQ  is  nothing  but  a 
normal  PMQ  with  a  large  bore  hole.  The  inner  PMQ  has 
iron  poles  instead  of  magnets.  After  we  flip  the  outer  ring 
(left  to  right  figure),  the  field  gradient  in  the  bore 
decreases  down  to  a  few  %.  The  inner  PMQ  can  be  fixed, 
while  the  outer  PMQ  rotates.  One  drawback  is  larger 
torque  needed  to  rotate.  This  may  be  reduced  when  the 


Fig.  1 1  Double  ring  scheme. 


dynamic  range  is  kept  small.  Thus  the  magnets  of  the 
inner  PMQ  will  be  fixed  on  the  rigid  iron  poles  that  has 
full  20-cm  length  (Fig.  12).  Longitudinally  separated 
outer  PMQ  should  have  less  sensitivity  on  the  center 
movement  when  they  rotate  because  they  are  far  from  the 
axis. 


Fig.  12  Alternative  way  of  the  focal  strength  adjustment. 

CONCLUSION 

The  permanent  magnet  quadrupole  with  saturated  iron 
demonstrated  the  fairly  high  magnetic  field  gradient 
compaered  with  the  conventional  one.  The  measured 
gradient  agrees  with  calculated  one  within  5%  difference. 
The  higher  harmonics  components  are  observed  in  spite 
of  the  rotational  symmetry,  which  is  under  investigation. 
We  are  preparing  a  measurement  apparatus  such  as  a 
heater  and  a  temperature  controller  for  temperature 
dependence. 

In  order  to  avoid  a  skew  component  while  adjusting  the 
focal  strength,  binary  switch  scheme  will  be  adopted.  A 
mechanical  system  for  the  adjustment  of  the  focal 
strength  is  under  investigation. 
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Abstract 

In  this  work  we  present  the  design  of  a  Switching 
Magnet  for  the  IFUSP  Microtron  beam  line.  A 
configuration  with  azimuthal  symmetry  was  adopted  in 
order  to  comply  with  the  boundary  conditions  of  the 
accelerator  building  and  to  ease  the  machining  process. 
The  distribution  and  uniformity  of  the  magnetic  field  are 
presented,  as  well  as  the  project  and  construction  of  the 
vacuum  chamber. 

INTRODUCTION 

The  Laboratorio  do  Acelerador  Linear  (LAL)  of  the 
Instituto  de  Fisica  da  Universidade  de  Sao  Paulo  is 
building  a  continuous  wave  (cw)  electron  race-track 
microtron  (RTM).  The  IFUSP  RTM  [1-8]  is  a  two-stage 
microtron  that  includes  a  1.8  MeV  injector  linac  feeding  a 
five-turn  microtron  booster  that  increases  the  energy  to  5 
MeV.  The  main  microtron  delivers  a  3 1  MeV  cw  electron 
beam  after  28  turns.  The  maximum  current  of  the  beam  is 


50  mA.  The  Lab  will  have  two  main  beam  lines,  one 
serving  the  photon  tagger  (bremsstrahlung 
monochromator),  and  the  other  dedicated  to  the 
production  of  X-rays  by  coherent  bremsstrahlung  as 
shown  in  Figure  1 .  This  work  describes  the  characteristics 
and  design  of  the  magnet  that  was  built  to  perform  the 
switching  between  these  two  lines. 

Due  to  the  distribution  of  the  equipment  in  the 
experimental  hall,  the  switching  magnet  must  deviate  the 
beam  in  angles  of  ±  90°  relative  to  the  main  pipeline  that 
comes  from  the  accelerator  hall.  The  magnet  should  be 
able  to  deviate  the  beam  independently  of  the  energy,  that 
may  vary  from  5  to  3 1  MeV.  Besides  that,  we  wanted  the 
magnet  as  compact  as  possible,  but  avoiding  field 
strengths  too  close  to  the  saturation  of  the  iron  (<  2  T). 

The  chosen  configuration  was  that  of  an  “H”  dipole, 
with  cylindrical  symmetry.  Figs.  2  and  3  show  two  views 
of  the  adopted  design.  The  main  characteristics  of  the 
magnet  are  summarized  in  Table  1. 
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Figure  2:  Cross  section  of  the  adopted  design. 
Measures  in  mm. 


Figure  3:  Top  view  of  the  magnet.  Measures  in  mm. 


Table  1 :  Magnet  Specifications 


Radius  of  curvature  of  the  beam 

— 

0.11  m 

Pole  face  diameter 

0.22  m 

Magnet  diameter 

0.80  m 

Number  of  coils 

2 

Operating  field  @  31  MeV 

0.955  T 

Operating  field  @  5  MeV 

0.166  T 

THE  MAGNET 

Magnetic  Design 

The  dimensions  of  the  switching  magnet  were  chosen  in 
order  to  keep  the  magnet  as  compact  as  possible,  but 
avoiding  field  strengths  too  close  to  the  saturation  of  the 
iron  (<2T).  So  we  set  the  pole  face  radius  in  0.11  m, 
because  this  gives  an  operational  magnetic  field  of 
approximately  1  T  for  a  31  MeV  beam.  The  final  design 
was  defined  by  simulations  on  the  POISSON  [9]  and 
FEMM  [10]  codes,  used  to  solve  2D  magnetostatics 
problems.  Figure  4  shows  the  field  profile  along  a 
diameter  of  the  magnet.  The  vertical  lines  indicate  the 
pole  face  limits.  Figure  5  shows  a  contour  plot  of  the  2D 
relative  field  distribution  over  the  mid-plane  of  the 
magnet.  The  advantage  of  this  geometry  is  that  the  fringe 
fields  are  very  small  compared  with  field  in  the  pole  face 
region. 


Mechanical  Construction 

The  magnet  was  built  with  1010  steel  in  three  parts:  two 
discs  and  a  spacer  ring.  Each  of  the  discs  presents  a  deep 
channel  to  house  one  of  the  coils.  The  spacer  ring  is 
responsible  for  the  gap.  It  also  presents  four  ports  for 
beam  passage  (3)  and  instrumentation  (1).  The  ports  are 
mounted  with  19-mm  pipes  terminated  with  CF-25 
vacuum  flanges,  in  order  to  connect  the  magnet  to  the 
beam  line. 


Figure  4:  POISSON  simulation  results  of  the  relative 
magnetic  field  along  a  diameter  contained  in  the  mid 
plane  of  the  magnet  (line)  and  the  experimental  data 
(dots).  The  vertical  lines  indicate  the  pole  face  limits. 


Figure  5:  The  relative  magnetic  field  distribution  over 
the  mid  plane. 


The  whole  transport  line  is  kept  under  high-vacuum.  In 
the  case  of  the  switching  magnet,  in  order  to  keep  the  gap 
as  small  as  possible,  we  decided  to  use  the  magnet 
structure  as  part  of  the  vacuum  chamber.  Figure  6 
illustrates  the  system.  The  internal  region  of  the  ring  is 
evacuated.  Two  brass  covers  were  necessaiy  to  isolate  the 
coils  from  the  evacuated  region,  preventing,  this  way, 
virtual  leaks  proceeding  from  the  coils. 

A  4  mm  groove  was  made  in  each  of  the  iron  discs  to 
place  the  respective  brass  cover.  It  is  also  used  for  the 
gasket,  which  is  made  of  a  tin  wire  (99.7%  purity)  with  a 
diameter  of  1  mm.  Figure  7  shows  the  final  aspect  of  the 
switching  magnet. 
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Figure  6:  Details  of  the  vacuum  chamber  design. 


Figure  7:  View  of  the  assembled  magnet. 

RESULTS 

For  the  magnetic  characterization  of  the  magnet,  we 
used  a  Hall  probe  mounted  on  an  automatic  scanning 
system,  operating  with  a  step  size  of  2.52  mm.  The 
measurements  were  made  along  a  diameter  contained  in 
the  mid  plane  of  the  magnet.  The  data  acquisition  was 
made  in  a  PC  with  an  analog  to  digital  converter  (ADC) 
board. 

Figure  4  shows  the  results  of  the  magnetic  field 
mapping.  We  have  mapped  two  different  diameters 
(Plan  A  and  Plan  B  in  the  figure),  with  good  agreement 
between  them.  We  can  see  that  the  experimental  data 
agree  with  the  results  of  the  POISSON  simulation.  A 
magnetic  field  uniformity  of  10'3  was  achieved  within  a 
0.16  m-diameter  circle  centered  in  the  pole  face  region. 
The  measured  field  is  actually  better  than  the  simulated 
profile,  since  it  falls  faster  outside  the  pole  face  region. 
This  ensures  that  most  of  the  bending  is  done  in  the  pole 
face  region. 

The  leak  detection  test  evidenced  that  there  were  no 
leaks  greater  than  10'9  mbar.l.s'1  (for  helium).  The 


chamber  was  easily  evacuated  with  a  high-vacuum 
pumping  system  (mechanical  plus  ionic  pumps),  allowing 
the  connection  of  the  magnet  to  the  rest  of  the  beam 
pipeline  without  restrictions. 
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Abstract 

High  energy  hadron  collider  operation  requires  accurate 
measurements  of  the  beta  functions  and  phase  advances,  to 
check  the  linear  optics  and  to  locate  gradient  errors.  Dur¬ 
ing  the  RHIC  2003  run,  two  AC  dipoles  with  vertical  and 
horizontal  magnetic  field  [1]  were  used  to  measure  the  lin¬ 
ear  optics  at  storage  and  at  injection  energies.  The  two  AC 
dipoles  are  set  up  to  adiabatically  induce  sizable  coherent 
oscillations  at  a  frequency  close  to  the  betatron  frequen¬ 
cies.  The  beta  functions  and  phase  advances  are  then  cal¬ 
culated  from  the  1024  tum-by-tum  measurements  available 
from  all  the  RHIC  BPMs  (Beam  Position  Monitors).  Be¬ 
cause  the  coherent  excitation  is  adiabatic,  the  beam  emit- 
tance  is  preserved  after  the  measurement.  The  algorithm 
is  discussed  in  this  paper,  and  experimental  results  are  pre¬ 
sented. 


INTRODUCTION 

During  both  the  RHIC  FY  2003  deuteron-Au  run  and  po¬ 
larized  proton  run,  fi*  =  1  m  optics  were  used  to  maximize 
the  luminosity.  A  set  of  beta  function  measurements  were 
carried  out  by  using  the  two  RHIC  AC  dipoles  to  check  the 
linear  optics. 

In  linear  accelerator,  an  AC  dipole  can  be  used  to  adia¬ 
batically  generate  a  sustained  transverse  coherent  oscilla¬ 
tion  without  sacrificing  the  beam  emittance  [2].  The  driven 
coherent  oscillation  at  location  s  is  given  by 

*(»)«  =  sin(2nvmi  +  <j>(s))  (1) 

where  z^s)  is  the  transverse  coherent  oscillation  ampli¬ 
tude  at  location  s,  Bp  is  the  magnetic  rigidity,  BmL  is 
the  amplitude  of  the  integrated  AC  dipole  oscillating  field 
strength,  <f>($)  is  the  phase  at  location  s,  (3(s)  is  the  beta¬ 
tron  function  at  location  s,  i  is  the  turn  number,  and  ft  is 
the  betatron  function  at  the  AC  dipole.  6  is  the  separation 
between  the  intrinsic  betatron  tune  vz  and  the  AC  dipole 
tune  i/m> 


rev 


where  fm  is  the  AC  dipole  oscillation  frequency  and  frev 
is  the  beam  revolution  frequency.  Hence,  the  ratio  of  the 
square  root  beta  functions  at  two  different  locations  is  equal 

*  The  wort:  was  performed  under  the  auspices  of  the  US  Department  of 
Energy 


to  the  ratio  of  the  coherence  amplitudes  at  these  two  loca¬ 
tions.  The  phase  difference  between  the  two  locations  is  the 
true  phase  advance  only  if  the  AC  dipole  is  not  in-between. 

In  general,  the  transverse  oscillation  at  two  different  lo¬ 
cations  si  and  S2  is  given  by 

where  zit 2  is  the  transverse  position  of  the  beam,  2  is  the 
transverse  angle  of  the  trajectory.  M  is  the  transfer  matrix 
between  the  two  locations  and 


M 


mn 

m2 1 

’%(C  +  aiS) 

■Q1-Q2  n  _  l+aiOtt  c 


(  mn  m12  \  = 

\  m2i  m22  J 


VW1P2S 

^(C  -a2S) 


(4) 


where  S  —  sin  ft  2*  C  —  cos  $12,  ft#2  are  the  beta  func- 

tions  at  location  su  s2,  «i,2  =  and  <j>12  is  the  phase 
advance  between  the  two  locations  and  [3] 


1  ,c 

A(s+ai)  = 


mn 

mi2 


(5) 


Assuming  that  the  turn  by  turn  coherent  oscillation  is 
measured  at  three  beam  position  monitors  1,  2  and  3  with 
phase  advances  in  between  of  ft2  and  <£23,  the  beta  func¬ 
tion  at  BPM  1  is  given  by 


&  =  /?r 


(6) 


where  ft  is  the  measured  beta  function  at  BPM  1,  ft71  is  the 
model  beta  function  at  BPM  1,  faj  is  the  measured  phase 
advance  between  BPM  i  and  BPM  j  where  i,j  =  1,2,3, 
and  is  the  model  phase  advance  between  BPM  i  and 
BPM  j. 


RHIC  LINEAR  OPTICS  MEASUREMENT 

In  RHIC,  transverse  coherent  betatron  oscillations  were 
adiabatically  excited  by  the  horizontal  (or  vertical)  AC 
dipole.  The  amplitude  of  the  AC  dipole  magnetic  field  was 
ramped  up  in  10,000  turns.  It  was  then  kept  at  constant 
for  2,000  turns  for  one  to  take  the  tum-by-tum  beam  posi¬ 
tion  data  and  then  ramped  down  to  zero  in  another  10,000 
turns.  Since  the  coherent  oscillation  was  adiabatically  ex¬ 
cited,  the  frequency  spectrum  of  this  driven  oscillation  is 
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turn  number 


Figure  1:  The  bottom  figure  shows  the  vertical  tum-by- 
tum  beam  position  data  in  the  middle  of  the  arc.  The  black 
solid  circles  are  the  measured  tum-by-tum  beam  position 
data  and  the  open  diamonds  are  the  fitted  tum-by-tum  data. 
The  phase  plot  at  the  top  is  the  1024  turn  data  at  the  BPM 
and  the  BPM  next  to  it. 


with  1  m  0*  at  IP  8  and  2  m  0*  at  IP  6,  IP  10  and  IP  2. 
Compared  with  the  model  optics,  the  rms  deviation  of  the 
measured  phase  advances  and  beta  functions  from  the  pre¬ 
dicted  value  is  about  12%  in  the  arc  area  and  larger  in  the 
interaction  area. 

In  order  to  provide  enough  aperture  around  the  RHIC 
beam  abort  area  at  injection,  a  lattice  with  0*  =  10  m  at  all 
IPs  was  used  at  injection.  At  storage  energy,  a  lattice  of  2  m 
0*  at  IP  6,  IP  10  and  IP  2  and  1  m  0*  at  IP  8  was  used  [5]. 
In  RHIC,  three  quadrupoles  (triplet)  were  placed  next  to  the 
DO  magnet  in  the  interaction  region  for  achieving  the  de¬ 
sired  small  0*  (beta  function  at  interaction  point)  [6].  Nor¬ 
mally,  the  beta  function  at  the  triplets  grows  considerably 
when  the  0*  gets  squeezed  down  and  any  gradient  error  in 
the  triplet  quadrupoles  then  gets  amplified  and  can  result  in 
beta  function  waves  through  the  whole  lattice.  Fig  3  shows 
the  measured  beta  function  wave  with  the  two  different  lat¬ 
tices.  The  larger  beta  wave  of  the  0*  =  1  m  lattice  than 
the  one  of  the  0*  =  10  m  lattice  indicates  the  effect  of  the 
triplets  effect. 


dominated  by  the  frequency  of  the  AC  dipole.  Thus,  the 
coherent  oscillation  amplitude  zm  and  phase  <j>  can  be  ob¬ 
tained  by  fitting  the  turn  by  turn  beam  position  data  by 

z(i)  =  zm  i  cos(^m27T2)  +  2m2  sin(z/m27ri)  (7) 

where  z(i )  is  the  horizontal(or  vertical)  position  of  ith  rev¬ 
olution  turn.  The  amplitude  zm  and  phase  <t>  of  the  coherent 
oscillation  are  given  by 


CONCLUSION 

The  horizontal  and  vertical  AC  dipole  magnets  were 
commissioned  during  the  RHIC  FY  2003  run  to  measure 
the  beta  functions  and  phase  advances  at  injection  as  well 
as  at  store.  Several  measurements  were  done  in  both  Blue 
ring  and  Yellow  ring  to  confirm  the  beta  functions  at  the 
RHIC  interaction  point  of  lattices  with  different  0*  lattices. 
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Fig.  1  shows  the  typical  tum-by-tum  vertical  coherent  os¬ 
cillation  at  a  BPM  located  in  the  arc  area,  and  the  phase 
plot  represented  by  using  the  1024-tum  BPM  data  of  two 
adjacent  BPMs.  The  spread  of  the  data  points  in  the  phase 
plot  is  about  0.1  mm  and  is  about  same  level  of  the  noise 
on  the  BPM  tum-by-tum  signal. 

In  RHIC,  there  is  a  total  of  492  physical  BPMs  dis¬ 
tributed  around  each  ring.  Among  them,  84  are  dual-plane 
BPMs.  The  vertical  BPMs  are  located  at  every  defocus- 
ing  quadrupoles,  and  the  horizontal  BPMs  are  located  at 
focusing  quadrupoles  [4],  1024  turns  of  beam  position 
at  each  BPM  were  collected  with  the  AC  dipole  oscillat¬ 
ing  at  a  fixed  frequency  and  fix  amplitude.  The  ampli¬ 
tude  and  phase  of  the  coherent  oscillation  driven  by  the  AC 
dipoles  at  each  beam  were  extracted  using  Eq.  8  and  Eq.  9. 
The  phase  difference  between  any  two  BPMs  is  the  phase 
advance  in  between,  and  the  beta  function  at  each  BPM 
around  the  ring  can  be  obtained  by  using  Eq.  6.  Fig.  2 
is  a  typical  example  of  the  measured  beta  functions  and 
phase  advance  at  storage  energy  in  the  RHIC  Yellow  ring 
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Figure  2:  The  bottom  plot  is  the  schematic  layout  of  dipoles  in  the  RHIC  lattice  showing  6  IPs.  The  stars  in  the  middle 
plot  are  the  horizontal  betatron  functions  at  all  the  available  yellow  BPMs  measured  at  the  RHIC  Au  storage  using  the 
vertical  AC  dipole.  The  open  circles  represent  the  horizontal  beta  functions  predicted  by  the  RHIC  model.  In  the  plot  at 
the  top,  the  stars  are  the  horizontal  phase  advances  between  every  two  adjacent  yellow  BPMs  measured  at  the  Au  storage 
energy.  The  open  circle  represents  the  corresponding  phase  advances  predicted  by  the  RHIC  model.  Because  of  the 
missing  BPMs,  the  algorithm  assigns  the  predicted  phase  advance  to  a  BPM  if  the  one  next  to  it  is  missing. 


Figure  3:  The  bottom  plot  is  the  schematic  layout  of  dipoles  in  the  RHIC  lattice.  The  stars  in  the  middle  plot  and  top 
plot  are  the  differences  of  the  measured  horizontal  beta  functions  and  the  beta  functions  in  the  model  normalized  of  the 
predicted  beta  functions  at  all  the  available  yellow  BPMs  measured  at  RHIC  Au  storage  eneigy  and  injection  energy 
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Abstract 


Linear  coupling  is  one  of  the  factors  that  determine  beam 
lifetime  in  RHIC.  The  traditional  method  of  measuring  the 
minimum  tune  separation  requires  a  tune  scan  and  can’t  be 
done  parasitically  or  during  the  acceleration  ramp.  A  new 
technique  of  using  ac  dipoles  to  measure  linear  coupling 
resonance  has  been  developed  at  RHIC.  This  method  mea¬ 
sures  the  degree  of  coupling  by  comparing  the  amplitude 
of  the  horizontal  coherent  excitation  with  the  amplitude  of 
the  vertical  coherent  excitation  if  the  beam  is  excited  by 
the  vertical  AC  dipole  and  vice  versa.  One  advantage  of 
this  method  is  that  it  can  be  done  without  changing  tunes 
from  the  normal  machine  working  points.  In  principle,  this 
method  can  also  localize  the  coupling  source  by  mapping 
out  the  coupling  driving  terms  throughout  the  ring.  This 
is  very  useful  for  local  decoupling  the  interaction  regions 
in  RHIC.  A  beam  experiment  of  measuring  linear  coupling 
has  been  performed  in  RHIC  during  its  2003  run,  and  the 
analysis  of  the  experimental  data  is  discussed  in  this  paper. 

INTRODUCTION 

In  a  circular  accelerator,  the  linear  4x4  one-turn  transfer 
matrix  T  for  the  two-dimensional  phase  space  (x,x\y,y’) 
can  be  represented  by  four  2x2  sub-matrices  M,  m,  n  and 
N 


_(  M  m\ 
~\n  N  ) 


where  M  and  N  are  the  standard  transfer  matrices  in  the 
(x,x’)  phase  and  (y,y’)  phase  space.  The  off-diagonal  sub¬ 
matrices  m  and  n  represent  the  coupling  between  the  two 
transverse  planes.  In  a  perfect  accelerator  with  no  coupling, 
m  =  n  —  0. 

In  general,  the  one  turn  matrix  T  can  be  diagonalized  by 
an  canonical  transformation 

T  =  RUR-1  (2) 

where  U  is  the  one-turn  transfer  matrix  for  the  two  decou¬ 
pled  transverse  phase  spaces  (u,u’,v,v’)  [1]  and 


where  R  is  the  transformation  matrix  between  (x,  z,  s)  and 

s). 

*-{&  5)- 

Here  I  is  the  2x2  unitary  matrix  and  C+  is  the  simplectic 
conjugate  matrix  of  the  2x2  matrix  C 


Cll  Cu 
C21  C22 


and  72  -f  |C|  =  1.  When  the  C  matrix  is  zero,  there  is  no 
coupling  between  the  two  transverse  planes,  and  one  can 
use  C  to  characterize  the  strength  of  the  linear  coupling. 

A  technique  to  measure  C  by  exciting  beam  at  its  eigen- 
tunes  was  developed  at  CESR  [2].  Unlike  CESR,  an  AC 
dipole  was  used  in  RHIC  to  adiabatically  excite  the  beam 
at  the  vicinity  of  the  eigen-tune  instead.  This  technique 
has  been  used  to  measure  the  beta  functions  and  phase  ad¬ 
vances  in  RHIC  [4],  and  also  in  the  AGS  to  overcome  in¬ 
trinsic  spin  resonances  [3]. 

Without  losing  generality,  we  assume  that  the  horizontal 
ac  dipole  (vertical  field)  is  used  to  adiabatically  excite  a 
sizable  coherent  excitation  nearby  the  horizontal  tune  Qx. 
The  horizontal  AC  dipole  integrated  field  A ByL  is 


A  ByL  =  A  BymLcosum0. 


where  A Bym  is  the  amplitude  of  the  oscillating  field,  Qm 
is  the  tune  of  the  AC  dipole  field  and  0  is  the  azimuthal  an¬ 
gle.  In  the  absence  of  linear  coupling,  a  horizontal  betatron 
oscillation  at  location  s  is  excited  with  amplitude  of 


/\  A  BymL 


*  The  work  was  performed  under  the  auspices  of  the  US  Department  of 
Energy 


and  no  coherent  excitation  is  excited  in  the  vertical  plane. 
Here,  Bp  is  the  magnetic  rigidity,  8X  =  \Qm  —  Qx\  is 
the  distance  between  the  AC  dipole  driving  tune  Qm  and 
horizontal  betatron  tune,  /?o  is  the  beta-function  at  the  AC 
dipole  and  /3S  is  the  ^-function  at  location  s.  With  lin¬ 
ear  coupling,  the  vertical  coherent  excitation  is  no  longer 
zero.  To  derive  the  size  of  the  coherent  excitations  in  the 
two  transverse  planes  due  to  an  horizontal  AC  dipole,  we 
first  project  the  horizontal  deflection  from  the  AC  dipole 
into  the  (tt,  v)  coordinate  where  the  motions  in  the  (u,  u') 
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plane  and  ( v ,  v')  are  decoupled,  i.e 


EXPERIMENT  DATA 


/  8u\ 

/  o  \ 

5u 

7  Sx 

Sv 

-ci2Sx 

8v  ) 

\  cuSx  / 

where  8x  is  the  deflection  of  the  horizontal  ac  dipole.  The 
coherent  excitations  in  the  (u,  u')  and  (t>,  v')  are  given  by 

U  =  4 nS~l5x' COS  (9> 

V  =  4tt^  \/ C12  +  CllSx’  COS  QraO  (10) 

where  Sv  =  \Qm  -  Q„|  and  Su  =  \Qm  -  Qu\.  Qv  and 
Qu  are  the  two  eigen-tunes  of  the  transverse  free  betatron 


oscillation.  For  weak  coupling, 

Qu^Qx 

(11) 

Qv  —  Qy 

(12) 

SU~SX 

(13) 

SV  —  Sy. 

(14) 

In  general,  v7 cn  +  cri  is  small  for  weak  coupling  and  Sx 
is  much  smaller  than  Sy  because  the  horizontal  AC  dipole 
drives  the  beam  close  to  the  horizontal  tune.  Hence,  the 
coherent  excitation  in  the  (v,  vf)  space  can  be  neglected. 
Transforming  the  driven  coherent  excitations  in  the  (u,  v) 
coordinate  back  to  the  normal  geometric  ( x ,  y)  coordinates 
using  Eq.  3,  the  transverse  coherent  excitations  at  location 
s  are 


x (*)  =  7^(7^')  cos(<2m0  +  X)  (15) 
y(s)  =  ^(7<5x')(c22  cos  (Qm6  +  x) 

+cJ2sm{Qme  +  x))  (16) 

where  x  is  the  phase  between  the  AC  dipole  and  the  loca¬ 
tion  s,  and 


Similarly,  the  ratio  of  the  horizontal  coherent  excitation 
amplitude  to  the  vertical  coherent  excitation  amplitude  is 


Vamp 


(19) 


when  the  beam  is  adiabatically  excited  by  a  vertical  AC 
dipole  nearby  the  vertical  tune. 


The  experiment  was  earned  out  in  the  RHIC  blue  ring 
with  deuteron  beam  at  injection  energy.  The  linear  cou¬ 
pling  was  corrected  to  6Qmin  ~  0.001  at  injection  for 
the  normal  operation  using  three  RHIC  skew  quadrupole 
families  distributed  about  120°  apart  [5].  During  the  ex¬ 
periment,  the  coupling  strength  was  measured  with  differ¬ 
ent  skew  family  1  strengths.  The  vertical  (horizontal)  AC 
dipole  was  used  to  adiabatically  induce  coherent  oscilla¬ 
tion  nearby  the  vertical  tune  (horizontal  tune).  1024-tum 
BPM  (Beam  Position  Monitor)  data  in  both  planes  were 
acquired  at  all  the  available  RHIC  BPMs  in  the  arc  areas. 
The  amplitude  of  the  coherent  oscillation  was  calculated 
by  fitting  the  turn  by  turn  betatron  oscillation  data  with  a 
sinusoidal  waveform  [4]. 

Fig.  1  is  a  typical  set  of  data  of  the  measured  coher¬ 
ent  amplitudes  in  the  two  transverse  planes  due  to  a  ver¬ 
tical  ac  dipole  excitation.  Due  to  the  /^-function  variations 
along  the  arc,  the  coherent  amplitude  also  varies  with  the 

function  and  the  solid  line  is  the  average  of  the  mea¬ 
sured  amplitude  within  one  arc  area. 


Figure  1:  The  plot  at  the  bottom  is  the  RHIC  lattice.  The 
top  plot  shows  the  measured  amplitude  of  the  horizontal 
coherent  excitation  when  the  coherent  excitation  was  ex¬ 
cited  by  a  vertical  AC  dipole  with  skew  quad  family  1  trim 
value  set  to  0.005.  The  amplitude  of  the  corresponding  ver¬ 
tical  coherent  excitation  amplitude  at  each  BPM  is  shown 
in  the  middle  plot. 


Fig.  2  shows  the  measured  coupling  strength.  The  bot¬ 
tom  plot  is  the  measured  y^2  +  cj22  with  the  vertical 
AC  dipole  and  the  top  plot  shows  the  \/c222  +  cf22  with 
the  horizontal  ac  dipole.  Both  measurements  consistently 
show  a  linear  dependence  on  the  skew  quadrupole  family 
strength.  Both  data  also  show  that  the  minimum  of  the 
measured  coupling  strength  occurs  at  zero  trim  strength  in 
skew  quadrupole  family  1.  This  is  consistent  with  the  fact 
that  the  coupling  was  well  compensated  at  injection  during 
normal  operations. 
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Figure  2:  The  top  plot  is  the  measured  +  cl22  with 
the  horizontal  AC  dipole  as  a  function  of  the  trim  value  of 
skew  quadrupole  family  1.  And  the  bottom  plot  shows  the 
measured  \/cii2  +  c\22  with  the  vertical  AC  dipole  with 
different  skew  quadrupole  family  1  trim  value  settings. 


[51  F.  Pilat  et  al,  Coupling  measurements  and  correction  at 
RH1C ,  Proceedings  of  the  2002  European  Particle  Acceler¬ 
ator  Conference(June  2002) 


CONCLUSION 

The  method  of  using  driven  betatron  oscillations  to  mea¬ 
sure  the  linear  coupling  resonance  was  tested  during  the 
RHIC  FY03  dAu  run.  It  demonstrated  that  the  amount  of 
the  coupling  can  be  characterized  by  the  ratio  of  the  am¬ 
plitude  of  the  horizontal  (vertical)  oscillation  driven  by  an 
vertical  AC  dipole  and  the  amplitude  of  the  corresponding 
coherent  excitation  amplitude  in  the  vertical  (horizontal) 
plane.  Since  this  technique  does  not  require  changes  of  the 
machine  working  point  and  is  parasitic  to  the  normal  ma¬ 
chine  operation,  it  can  also  be  used  to  measure  the  linear 
coupling  along  the  RHIC  acceleration  ramp. 
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Abstract 

Previous  analyses  have  assumed  that  wedge  absorbers 
are  triangularly  shaped  with  equal  angles  for  the  two  faces. 
In  this  case,  to  linear  order,  the  energy  loss  depends  only  on 
the  position  in  the  direction  of  the  face  tilt,  and  is  indepen¬ 
dent  of  the  incoming  angle.  One  can  instead  construct  an 
absorber  with  entrance  and  exit  faces  facing  rather  general 
directions.  In  this  case,  the  energy  loss  can  depend  on  both 
the  position  and  the  angle  of  the  particle  in  question.  This 
paper  demonstrates  that  and  computes  the  effect  to  linear 
order. 

INTRODUCTION 

Ionization  cooling  can  be  achieved  in  the  transverse  di¬ 
rection  with  a  straight  cooling  channel.  However,  in  the 
longitudinal  direction,  one  generally  gets  heating.  Energy 
straggling  leads  to  further  heating  in  the  longitudinal  plane. 
To  achieve  6-D  cooling,  one  must  couple  the  transverse 
motion  with  longitudinal  motion.  One  method  to  achieve 
this  is  to  use  a  triangular  cross-section  absorber  in  a  loca¬ 
tion  with  dispersion.  Particles  with  higher  energy  then  go 
through  a  larger  length  of  absorber  and  lose  more  energy, 
thus  reducing  the  energy  spread.  Unfortunately,  this  occurs 
at  the  cost  of  an  increase  in  transverse  beam  size  [1].  This 
process  is  often  referred  to  as  “emittance  exchange.” 

Existing  computations  have  only  considered  triangular 
wedges  with  equal  face  tilts.  The  entrance  and  exit  faces  of 
the  absorber  can  be  tilted  rather  generally.  This  will  give  an 
energy  loss  dependence  on  transverse  coordinates  which  is 
different  from  what  occurs  when  the  face  tilts  are  equal  and 
in  the  same  plane.  This  paper  calculates  the  linear  transfer 
matrix  for  such  a  wedge  absorber. 

First,  the  path  length  in  the  absorber  is  calculated  for 
general  face  angles.  The  computation  is  first  done  in  the 
case  where  the  faces  are  tilted  in  the  same  plane,  to  give 
a  more  intuitive  picture  of  what  is  going  on,  followed  by 
formulas  for  more  general  face  tilts.  This  calculation  is 
then  used  to  find  the  transfer  matrix  through  the  absorber. 
Finally,  possible  uses  of  more  general  face  angles  are  dis¬ 
cussed. 

GEOMETRIC  LENGTH  CALCULATION 

The  energy  loss  (ignoring  stochastic  effects)  in  the  ab¬ 
sorber  is  proportional  to  the  distance  that  the  particle  trav¬ 
els  through  the  absorber.  Thus,  to  calculate  the  effect  of  the 
absorber,  we  will  calculate  the  length  of  the  particle  trajec¬ 
tory  that  is  inside  the  absorber.  We  further  assume  that  the 
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Figure  1:  Planar  absorber  geometry. 


particle  trajectory  is  straight:  i.e.,  there  are  no  electromag¬ 
netic  fields  acting  on  the  particle.  First,  we  compute  a  case 
where  the  plane  in  which  the  absorber  faces  are  tilted  from 
vertical  is  the  same  for  both  cases.  This  becomes  a  one¬ 
dimensional  problem,  and  helps  give  an  understanding  of 
what  is  going  on.  We  then  do  the  computation  for  a  more 
general  case. 

Fig.  1  gives  the  parameters  for  the  one-dimensional 
problem.  The  length  of  the  path  inside  the  absorber  is 

l  =  (  -  +  x)  cos  77  sin  (flp  +  #i ) 

\tan  6>o  +  tan  9\  )  cos (7/  —  0O)  cos (77  +  9\)  ’ 

u  r  .  (1> 

where  L  =  zx  +  z2-  To  linear  order  in  x  and  77,  this  is 

l  =  L  +  a?(tan  0O  +  tan  Bx )  +  ?yL(tan  9X  —  tan  0O)  (2) 

If  6q  —  0X  (i.e.,  the  absorber  cross-section  is  an  isosceles 
triangle),  to  linear  order,  the  path  length  (and  thus  the  en¬ 
ergy  loss)  does  not  depend  on  the  incoming  particle  angle, 
but  does  depend  on  the  transverse  position.  This  is  the  situ¬ 
ation  that  has  been  analyzed  in  the  past.  On  the  other  hand, 
if  $q  =  ~ex  (i.e.,  the  faces  are  parallel  but  the  absorber 
is  tilted),  the  path  length  does  not  depend  on  the  incom¬ 
ing  particle  position,  but  it  does  depend  on  the  incoming 
particle  angle. 

In  the  more  general  situation,  we  describe  the  absorber 
by  its  entrance  and  exit  planes.  We  describe  these  planes 
as  passing  through  a  point  p{  and  having  a  unit  normal  uiy 
where  i  =  0  for  the  entrance  plane  and  i  =  1  for  the  exit 
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plane.  The  particle  trajectoiy  is  described  as  line  passing 
through  a  point  xQ  with  a  unit  tangent  vector  t.  We  can 
calculate  the  path  length  within  the  absorber  in  terms  of 
these  coordinates  and  vectors  as 

l  =  (pi  —  a?o)  •  ux  _  (Pq  -  go)  >  up 

t  ui  t  uo  ^  } 

We  can  compute  this  length  to  linear  order.  The  coordinates 
of  these  vectors  are  (see  Fig.  1): 

x0  =  (x,t/,0)  (4) 


Now  define 


Px  Py 
P  ’  P 


p2 -pl-vi 


Po  =  (0, 0,  —zo)  (6) 

Pi  =  (0j  0,  zi)  (7) 

u0  =  (sin  0o  cos  (j> o ,  sin  0o  sin  <j>0 ,  cos  6o )  (8) 

Ui  =  (~  sin^i  cos^i,  —  sin^i  sin^i,cos^i).  (9) 

TRANSFER  MATRIX 

One  can  easily  compute  the  transfer  matrix  to  lowest  or¬ 
der  in  the  relative  energy  loss  in  the  absorber.  In  this  case, 
only  the  path  length  in  the  absorber  matters.  First,  compute 
the  evolution  of  the  transverse  momenta,  as  well  as  the  evo¬ 
lution  of  the  energy  deviation  ignoring  the  face  angles.  The 
equations  of  motion  are 


/3pc  dx 

and  their  solution  is 


d  (dE\ 
K|1  “  dE  Vdx )  ’ 


Px(»)  =Px(so)e-K-L(s-So)  (12) 

<5(s)  =  <5(s0)e_K"(s-So).  (13) 

Imagine  a  sequence  of  planes  with  normal  u(z)  and 
passing  through  the  point  (0, 0,  z).  Using  Eq.  (3),  the  in¬ 
tegrated  path  length  to  linear  order  in  x  =  (x,  y)  and  p±/p 
(where  the  _L  subscript  refers  to  the  transverse  coordinates) 
from  an  arbitrary  point  to  the  plane  at  z  is  a  constant  plus 

— -2— .  (14) 

uz  p  uz 

We  will  parameterize  u  by  77  according  to 

u0  sin(£  —  77)  +  U\  sin  77 

«=— - v  " - - - -  u0-ui  =  cos£.  (15) 

sin  f 

77  will  vary  from  0  to  $  while  z  varies  from  -zq  to  z\.  The 
definition  of  the  exact  relationship  between  77  and  z  will  be 
left  to  later.  We  then  have 


(■♦*?) 


uzou±1  -  uzlu±p  dp 
u*sm£  dz 


h  =  kv? 

dz  z 


for  some  constant  k.  Then 


d  fU±  )  -  ,:U^U^  Z  ngx 

dz  \uz  J  sin  ^ 

meaning  that 

u±^kuz0u±1-uzlu±0z  +  c 
uz  sm  £ 

for  a  constant  vector  c.  Applying  the  known  boundary  con¬ 
ditions, 

U±  _  U± 0  Zi-z  U±  1  Z  +  Z0 

UZ  uz0  L  +  uzl  L  (20) 


We  can  then  write 


dl  ^  x 
dz  L 


( U±1  _  u±0 

\  Uz\  'U'zQ 


P_L  *1^X0  [  ZQU±  1  |  2 Z  ( Uj_  1  U±q 
p  Luzq  Luzi  L  l  uz\  uzq 


Now,  use  Eq.  (12),  giving 


l  —  L  —  x 


u±l  _  u±0 

^zl  Uzo 


V  K-i-  /  \uzl  Uz0  J 

The  change  in  6  is  simply  k±1 ,  and  one  can  then  directly 
read  off  the  matrix  elements. 


DISCUSSION 

First  of  all,  adjusting  the  absorber  geometry  simply  to 
keep  the  sum  of  the  tangents  of  the  face  angles  constant 
will  not  leave  the  performance  of  a  cooling  channel  invari¬ 
ant,  unless  there  happens  to  be  no  angular  dispersion  at  the 
location  of  the  absorber.  In  fact,  at  a  point  where  there 
is  both  angular  and  positional  dispersion,  one  may  get  im¬ 
proved  performance  by  adjusting  the  face  angles  separately. 

One  could  even  consider  a  lattice  with  only  angular  dis¬ 
persion  and  no  positional  dispersion  at  the  absorbers.  This 
could  not  be  easily  done  in  a  ring  (if  one  bends  in  the  same 
direction  all  the  time,  one  tends  to  have  nonzero  positional 
dispersion),  but  could  be  done  in  a  “snaking”  configura¬ 
tion  where  subsequent  cells  bend  in  opposite  directions, 
and  thus  the  lattice  is  straight  over  larger  scales. 

There  are  several  reasons  one  might  want  to  do  this.  First 
of  all,  a  lattice  that  does  not  form  a  ring  allows  one  to  adia- 
batically  vary  lattice  parameters,  thus  maximizing  the  cool¬ 
ing  performance  as  the  beam  changes.  One  may  be  espe¬ 
cially  interested  in  doing  this  for  a  collider  to  maximize  the 
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Figure  2:  Super-FOFO  lattice  with  bends  all  in  same  direc¬ 
tion  and  isosceles  wedges.  Absolute  value  of  eigenvalues 
plotted  versus  field  relative  to  a  reference  field. 


Figure  3:  Super-FOFO  lattice  where  bending  in  one  cell  is 
opposite  to  the  bending  in  the  next,  and  the  absorbers  are 
tilted  slabs.  Plots  are  as  in  Fig.  2. 


luminosity  one  achieves.  In  addition,  one  avoids  the  diffi¬ 
culties  with  injection  and  extraction. 

These  considerations  apply  to  any  lattice  that  does  not 
form  a  ring.  The  advantage  of  having  only  angular  disper¬ 
sion  versus  positional  dispersion  at  the  absorber  may  lie  in 
the  effect  of  energy  straggling.  When  the  energy  changes  in 
energy  straggling,  the  betatron  amplitude  will  change  since 
the  closed  orbit  changes.  Since  the  beta  function  at  the 
absorber  is  small  (whereas  the  dispersion  is  not  necessar¬ 
ily),  energy  straggling  with  positional  dispersion  will  lead 
to  large  betatron  amplitude  changes  relative  to  the  beam 
size.  If  instead  there  is  angular  dispersion  at  the  absorber, 
energy  straggling  leads  to  smaller  relative  betatron  ampli¬ 
tude  changes  due  to  the  large  angular  spread  at  that  point. 
This  has  the  potential  to  substantially  improve  the  perfor¬ 
mance  of  these  cooling  lattices.  This  has  not  been  tested  in 
real  lattices  at  this  point. 

Example 

As  an  example,  consider  a  “Super-FOFO”  lattice  [2], 
modified  by  adding  bending  as  in  [3].  A  similar  lattice  has 
been  proposed  for  achieving  6-D  cooling,  and  shows  excel¬ 
lent  performance  [4,  5].  Fig.  2  shows  the  absolute  value  of 
the  eigenvalues  as  a  function  of  the  field  strengths  for  stan¬ 
dard  isosceles  wedges  and  a  lattice  where  all  bends  bend  in 
the  same  direction  (giving  dispersion  at  the  absorber).  This 
is  equivalent  to  considering  the  dependence  of  the  eigen¬ 
values  on  the  reference  momentum.  If  the  absolute  value 
of  all  the  eigenvalue  is  less  than  1,  then  the  beam  will  be 
cooled  in  all  planes.  One  is  able  to  achieve  6-D  cooling 
over  a  rather  large  range  of  reference  momenta. 

Figure  3  shows  the  eigenvalues  for  a  tilted  slab  in  a  lat¬ 
tice  that  has  angular  dispersion  at  the  absorber.  Note  that  in 
this  case  as  well,  one  is  able  to  achieve  6-D  cooling  over  a 
rather  large  range  of  reference  momenta.  Also  note  that  the 
wedge  angles  are  steeper  than  those  required  for  the  case 
with  conventional  wedge  absorbers. 


CONCLUSIONS 

The  energy  loss  in  an  absorber  with  generally  placed  pla¬ 
nar  faces  has  been  calculated  to  linear  order  in  the  trans¬ 
verse  coordinates.  This  allows  one  to  calculate  eigenval¬ 
ues  for  a  cooling  channel  with  these  rather  general  wedges. 
An  example  was  constructed  where  a  cooling  channel  was 
constructed  with  angular  dispersion  at  the  absorbers,  and 
parallel-face  tilted  absorbers  were  used.  Linear  perfor¬ 
mance  (without  multiple  scattering)  of  that  cooling  chan¬ 
nel  was  shown  to  be  comparable  to  that  of  a  channel  con¬ 
structed  with  more  conventional  wedges.  Such  a  chan¬ 
nel  may  have  multiple  scattering  performance  that  is  better 
than  a  wedge-based  6-D  cooling  channel. 

Further  work  should  incorporate  general  face  orienta¬ 
tions  into  simulation  codes  such  as  ICOOL  [6].  One  can 
then  simulate  and  optimize  proposed  6-D  cooling  lattices 
by  orienting  absorber  faces  more  generally. 
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Abstract 

Ionization  cooling  lattices  simultaneously  require  small 
beta-functions  at  the  absorber  and  large  energy  acceptances 
to  be  effective.  Simultaneously  achieving  these  goals 
as  well  as  having  a  good  dynamic  aperture  requires  that 
the  lattice  be  relatively  compact.  If  one  wishes  to  avoid 
solenoids,  one  choice  for  creating  such  a  lattice  is  to  use 
combined-function  magnets.  These  magnets  can  simulta¬ 
neously  focus  in  both  planes,  allowing  one  to  achieve  a  low 
beta  in  both  planes  with  a  minimum  number  of  magnets.  In 
this  paper  we  explore  the  design  of  lattices  which  contain 
only  combined-function  bending  magnets  using  a  thin-lens 
approximation,  showing  how  to  optimally  achieve  the  re¬ 
quirements  for  muon  cooling. 


INTRODUCTION 


Ionization  cooling  is  needed  in  most  scenarios  for  muon- 
based  accelerators  such  as  neutrino  factories  and  muon 
colliders.  Cooling  rings  have  been  proposed  as  a  cost- 
effective  means  for  cooling  in  all  six  phase  space  dimen¬ 
sions  [1,  2,  3].  Cooling  rings  have  traditionally  used 
solenoids,  but  it  is  not  absolutely  necessary  to  do  so. 

Since  one  must  bend  and  focus  in  the  cooling  ring,  it  is 
logical  to  use  combined-function  bends  in  a  non-solenoid 
cooling  ring.  For  the  simple  designs  here,  symmetry  will 
dictate  that  one  chooses  the  magnet  gradients  to  focus 
equally  in  both  planes.  Thus,  all  analyses  here  will  be  done 
in  a  single  plane. 

For  a  combined-function  bend  which  focuses  equally  in 
both  planes,  the  integrated  focusing  strength  F  is 


F  = 


BcO 

2 pc/q’ 


0) 


where  B  is  the  dipole  component  of  the  field,  0  is  the  bend¬ 
ing  angle,  p  is  the  momentum,  q  is  the  particle’s  charge,  and 
c  is  the  speed  of  light.  Note  the  inverse  dependence  of  F 
on  momentum. 

There  are  two  parameters  that  are  of  importance  in  a 
cooling  lattice:  the  energy  bandwidth  (should  be  large)  and 
the  beta  function  at  the  absorber  (should  be  small).  They 
compete  with  each  other:  when  the  energy  bandwidth  in¬ 
creases,  so  does  the  maximum  beta  function.  The  energy 
bandwidth  is  described  by  the  half- width  of  the  relative  mo¬ 
mentum  spread  A: 


where  Pnun  and  2W  are  the  minimum  and  maximum  mo¬ 
mentum  respectively.  It  is  also  useful  to  define  a  reference 
momentum  to  be 


Pref  —  (Pmax  Pmin)/2  (3) 

In  these  calculations,  the  change  in  the  closed  orbit  is 
ignored.  As  the  closed  orbit  changes,  the  focusing  strength 
in  the  combined  function  bend  will  change.  In  particular,  a 
bending  magnet  that  focuses  equally  in  both  planes  at  the 
reference  energy  does  not  do  so  off-energy. 

ONE  BEND  PER  CELL 

If  there  is  only  one  bend  per  cell,  as  shown  in  Fig.  1,  and 
the  cell  length  is  L,  then  the  beta  function  at  the  absorber  is 

This  lattice  is  unstable  when  LF  >  4;  thus,  there  is  a  mo¬ 
mentum  threshold  below  which  the  lattice  is  unstable.  The 
lattice  is  stable  for  arbitrarily  large  momentum.  The  max¬ 
imum  /3-function  at  the  absorber  occurs  at  the  largest  mo¬ 
mentum  within  the  passband.  Thus, 

"—“VS  ,5, 

The  required  magnetic  field  is 

m  =  T<T fl1-**  <6> 

_  2  prtfC  8 L  _  2  PminC 

c  q  8L*  +  /£«"Lc  q  * 

Note  that  if  (3^  is  much  less  than  L,  then  the  energy  accep¬ 
tance  is  very  small.  Thus,  this  is  probably  not  an  optimal 
configuration  for  a  cooling  ring. 


A  —  (Pmax  Pmin)/(Pmax +Pmin)5  (2) 


TWO  BENDS  PER  CELL 


*  Supported  by  US  Department  of  Energy  contract  DE-AC02- 
98CH10886 


Now,  consider  a  lattice  with  two  bends  per  cell,  as  shown 
in  Fig.  2.  Symmetry  considerations  dictate  that  the  two 


0-7803-7738-9/03/$  1 7.00  ©  2003  IEEE 


2213 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Figure  2:  Layout  with  two  bends  per  cell. 


Figure  3:  Beta  as  a  function  of  momentum.  The  solid  line 
is  for  LA  =  0.9  m  and  hR  =  1.1  m,  and  the  dashed  line  is 
for  La  =  1.1  m  and  LR  =  0.9  m. 


bends  be  identical.  The  beta  function  at  the  absorber  is 


La 

(zH 

II 

2 

i 

where  LA  is  the  length  of  the  drift  containing  the  absorber, 
and  LR  is  the  length  of  the  other  drift  (presumably  contain¬ 
ing  RF). 

As  a  function  of  momentum,  the  /2-function  has  two  ze¬ 
ros,  when  F  =  2/LA  and  when  F  =  2/LA+2/LR.  There 
are  two  poles,  when  F  =  0  and  F  =  2/LR.  There  are 
thus  two  passbands:  from  the  F  —  2/LA  +  2/ LR  to  the 
larger  of  2/LA  and  2/LRi  and  from  the  smaller  of  2/L^ 
and  2/ LR  and  0.  These  passbands  are  given  in  terms  of 
F ,  but  they  are  equivalent  to  passbands  that  are  determined 
by  the  momentum.  One  passband  is  unbounded  in  momen¬ 
tum,  and  the  other  is  a  bounded  region  of  momentum.  The 
bounded  region  can  either  have  zeros  at  both  ends  or  a  zero 
at  one  end  and  a  pole  on  the  other,  as  shown  in  Fig.  3.  If  the 
bounded  region  has  an  infinite  /2-function  at  one  end,  then 
the  unbounded  region  will  have  a  zero  in  the  beta  function 
/2-function  at  the  low  momentum  end,  and  will  go  to  infin¬ 
ity  as  the  momentum  goes  to  infinity.  Thus,  the  ^-function 
gets  laige  in  either  region.  However,  if  the  /2-function  is 
zero  on  both  sides  of  the  bounded  region  (it  cannot  be  zero 
on  both  sides  of  the  unbounded  region),  it  will  have  a  maxi¬ 
mum  value  in  that  region.  As  can  be  seen  in  Fig.  3,  one  can 


achieve  a  lower  maximum  beta  by  running  in  this  bounded 
region  with  zeros  of  the  beta  function  on  both  ends  of  the 
region.  The  peak  /2-function  can  be  written  in  terms  of  A 
as 


*<*->/ 

2 

-La(±~A  V1-2A-3A2\ 

2  (  2A  2A  J 

Lr  (,  VI  —  2A  -  3A2\  _ 

- — J  <9> 

Inverting  this  equation  gives 

A  =  \ZAmax(-^R  Amax) 

Lr  +  yj Amax  (LR  —  Amax) 

Note  that  the  maximum  A  is  1/3  (giving  an  energy  accep¬ 
tance  of  a  factor  of  2),  and  occurs  when  Amax  =  LRj 2.  The 
relationship  between  the  lengths  is 


2^  _ __ 

LA  —  Lr -  —  —  —  2-y^Ama x(LR  —  Amax)} 

or  inverting, 

A  = _ ^ _ . 

2 Lr  -f  La 

Finally,  the  field  strength  required  is  given  by 

Be  __  2  PrefC  1  -  A2 

cLr  q  A 
—  ^  Pre  fc  FR  +  LA 

c  q  La{2Lr-\-La) 


(11) 

(12) 


(13) 

(14) 


As  one  reduces  Amax  relative  to  LR,  the  energy  accep¬ 
tance  decreases,  and  the  field  required  in  the  bending  mag¬ 
nets  increases. 


EXAMPLE 

Let’s  say  that  a  1  m  drift  is  needed  for  the  RF,  and  the 
maximum  desired  beta  function  at  the  absorber  is  0.25  m. 
The  reference  momentum  for  the  lattice  is  200  MeV/c. 

With  only  one  bend  per  cell,  the  energy  acceptance  of 
this  lattice  is  less  than  1%.  This  is  unacceptable  for  a  cool¬ 
ing  lattice.  If  there  are  two  bends  per  cell,  the  energy  ac¬ 
ceptance  is  ±30%.  The  length  of  the  absorber  straight  is 
0.87  m.  BO  is  about  4  T;  if  we  have  8  bends  in  the  ring,  this 
corresponds  to  bending  fields  of  5. 1 T,  and  correspondingly 
lower  if  one  uses  fewer  bends.  The  length  of  this  bend  is 
about  10  cm.  Using  4  bends  gives  a  2.6  T  field  with  41  cm 
bend  lengths. 

The  required  magnet  apertures  are  difficult  to  determine, 
since  the  beta  functions  go  to  infinity  as  the  ends  of  the 
momentum  passband;  an  energy  cutoff  must  be  introduced 
because  of  that,  or  the  ellipsoidal  beam  distribution  must 
be  taken  into  account. 
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Figure  4:  Beta  function  at  the  absorber  as  a  function  of  en¬ 
ergy  for  combined-function  magnets  with  linear  midplane 
field  dependence.  The  dotted  line  is  the  thin-lens  model, 
the  solid  line  is  and  the  dashed  line  is  j3y. 


Figure  5:  Closed  orbit  as  a  function  of  energy  at  the  ab¬ 
sorber  side  of  the  magnet  for  combined-function  magnets 
with  linear  midplane  field  dependence. 

Thick  Magnets 

Now,  instead  of  using  a  thin-lens  model,  use  thick 
combined-function  bends.  If  we  use  a  bend  whose  field 
is  linear  in  the  midplane,  we  get  the  beta  functions  shown 
in  Fig.  4.  Note  the  substantially  reduced  energy  acceptance 
from  the  linear  model.  The  reason  for  this  reduced  energy 
acceptance  is  the  closed  orbit  variation  with  energy  (see 
Fig.  5).  When  the  closed  orbit  is  at  a  larger  radius,  the  ver¬ 
tical  focusing  is  increased  since  the  length  of  the  orbit  in  the 
magnet  is  longer,  but  the  horizontal  focusing  is  decreased 
since  the  geometric  contribution  to  focusing  is  reduced  due 
to  the  larger  radius  of  curvature. 

One  can  try  to  correct  the  chromaticity  by  adding  a  sex- 
tupole  component  to  the  magnets.  The  optimal  way  to  do 
this  is  to  use  a  magnet  which  maintains  equal  focusing  in 
both  planes  at  all  positions  in  the  magnet:  a  magnet  whose 


Figure  6:  Beta  function  at  the  absorber  as  a  function  of  en¬ 
ergy  for  power  law  midplane  field  dependence.  The  dotted 
line  is  the  thin-lens  model;  the  solid  line  is  for  the  actual 
magnet  (both  planes). 

midplane  field  is 

B(x)  =  B0(l+x/p)~1/2 .  (15) 

Figure  6  shows  the  beta  functions  at  the  absorber  in  this 
case.  The  energy  acceptance  has  been  greatly  improved 
from  Fig.  4,  but  is  still  not  as  large  as  the  linear  model 
suggests.  Nor  should  one  expect  improvement  from  here: 
since  the  beta  functions  are  identical  in  the  two  planes, 
changing  the  sextupole  component  would  likely  make  the 
linear  resonances  in  one  plane  closer  together,  while  mov¬ 
ing  them  further  apart  in  the  other  plane. 

CONCLUSIONS 

A  thin-lens  model  can  be  used  to  approximately  design 
and  predict  the  qualitative  behavior  of  a  simple  cooling  ring 
using  only  combined-function  bending  magnets.  Probably 
the  most  important  use  of  this  is  to  predict  the  parametric 
dependence  of  and  interrelationship  between  performance 
parameters  for  such  a  cooling  ring. 

A  simple  design  with  aggressive  lattice  parameters 
seems  to  be  a  bit  unrealistic:  the  magnets  are  very  short, 
and  the  ring  circumference  is  very  low  as  well.  With  less 
ambitious  lattice  parameters  (a  relaxed  beta  function,  for 
instance),  the  lattice  may  end  up  being  more  realistic. 

This  paper  doesn’t  look  at  the  dynamic  aperture  of  these 
lattices:  the  use  of  highly  nonlinear  magnets  may  have  a 
negative  impact  on  that. 
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Abstract 

An  FFAG  is  a  lattice  with  fixed  magnetic  fields  that  has 
an  extremely  wide  energy  acceptance.  One  particularly 
simple  type  of  FFAG  is  based  on  a  FODO  lattice,  where 
both  quads  can  be  combined-function  bending/quadrupole 
magnets.  The  spaces  between  the  combined-function  mag¬ 
nets  are  left  open  for  RF  cavities  and  other  hardware.  This 
paper  descibes  a  general  method  for  creating  lattice  designs 
for  this  type  of  lattice  which  gives  the  lattice  optimal  prop¬ 
erties  for  an  FFAG  accelerator.  The  properties  of  this  lattice 
as  a  function  of  input  parameters  are  explored.  The  use  of 
sextupoles  to  improve  lattice  properties  is  also  explored. 

INTRODUCTION 

There  has  been  great  interest  in  recent  years  in  a  neutrino 
factory  or  muon  collider  which  would  accelerate  muons  to 
eneigies  in  the  20—50  GeV  range.  Since  muons  decay,  ac¬ 
celeration  must  be  rapid,  with  an  average  gradient  of  at 
least  1  MV/m.  Accelerating  systems  are  a  major  compo¬ 
nent  of  the  cost  of  these  machines.  A  linac  accelerating  to 
the  full  energy  would  be  extremely  costly.  Cost  savings  can 
be  achieved  by  using  some  form  of  recirculating  accelera¬ 
tion,  in  which  the  muons  pass  through  the  cavities  multiple 
times.  It  is  at  best  difficult  to  design  a  fast-ramping  syn¬ 
chrotron  for  these  lower  energies,  since  it  would  be  chal¬ 
lenging  to  increase  the  magnetic  fields  at  the  rate  at  which 
one  would  like  to  accelerate  the  beam.  This  is  especially 
true  because  of  the  large  beam  emittances  that  one  typi¬ 
cally  deals  with  in  muon-based  machines,  since  larger  mag¬ 
net  apertures  lead  to  larger  stored  energies,  increasing  the 
power  that  must  be  delivered  to  ramp  the  magnets. 

Most  studies  to  this  point  have  proposed  CEBAF-style 
recirculating  accelerators  for  muon  acceleration.  The  ac¬ 
celerator  has  a  racetrack  shape,  with  two  linacs  connected 
by  a  series  of  arcs.  The  beam  enters  a  different  arc  on  each 
pass,  depending  on  its  energy.  The  primary  difficulty  with 
these  machines  is  related  to  the  multiple  arcs.  The  switch¬ 
yard  connecting  the  linac  to  the  several  arcs  becomes  very 
complex,  and  it  therefore  becomes  difficult  to  have  more 
than  a  few  arcs  (4  in  typical  designs).  This  prevents  a  fur¬ 
ther  reduction  in  cost  by  having  more  turns  in  the  accelera¬ 
tor  and  therefore  a  smaller  amount  of  RF  in  the  linacs. 

These  considerations  have  led  to  the  proposal  of  per¬ 
forming  acceleration  using  a  fixed-field  alternating  gradi¬ 
ent  (FFAG)  machine.  Instead  of  having  a  separate  arc  for 
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Figure  1:  Closed  orbits  at  various  energies  in  a  FODO 
FFAG  lattice.  Energies  are  from  10  GeV  (bottom  center, 
magenta)  to  20  GeV  (top  center,  red).  Position  of  magnets 
are  also  shown  at  the  top.  The  tune  at  10  GeV  is  0.3. 

each  energy,  these  machines  avoid  the  switchyard  by  hav¬ 
ing  a  single  arc  which  accepts  the  entire  range  of  energies 
over  which  one  wishes  to  accelerate. 

The  traditional  type  of  FFAG  is  the  scaling  FFAG.  In 
this  machine,  the  tunes  and  momentum  compaction  are  in¬ 
dependent  of  energy,  and  the  closed  orbits  at  different  en¬ 
ergies  are  geometrically  similar  to  each  other.  In  recent 
years  non-scaling  FFAGs  have  been  proposed  [1],  which 
don’t  meet  these  criteria,  yet  still  accept  a  wide  range  of 
energies.  This  paper  describes  some  advanteages  of  “non¬ 
scaling”  FFAGs  over  scaling  FFAGs. 

This  paper  describes  how  to  design  a  FFAG  lattice  based 
on  a  FODO  cell.  The  FODO  cell  in  this  case  consists  of 
two  combined-function  (gradient  bend)  magnets.  Figure  1 
shows  the  closed  orbits  at  various  energies  in  such  a  lattice. 

OPTIMIZATION 

A  FODO  lattice  with  two  combined-function  magnets 
has  7  free  parameters:  the  drift  space  between  magnets 
(same  on  both  sides),  two  magnet  lengths,  two  dipole  field 
components,  and  two  quadrupole  field  components.  One 
adjusts  these  parameters  to  achieve  a  design  which  is  opti¬ 
mum  in  some  sense. 

Tunes 

One  must  not  allow  the  tune  of  a  single  cell  to  reach  a 
half-integer  or  integer.  In  a  scaling  FFAG,  this  is  achieved 
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Figure  2:  Tune  as  a  function  of  energy  in  a  FODO  FFAG 
lattice. 


Figure  3:  Beta  functions  as  a  function  of  energy  at  the  cen¬ 
ter  of  the  defocusing  quadrupole,  for  two  different  tunes  at 
the  minimum  energy. 

by  having  a  constant  tune.  In  a  FODO  cell,  if  the  lattice 
is  stable,  the  tune  is  below  0.5.  The  tune  increases  with 
decreasing  energy,  as  seen  in  Fig.  2,  until  one  reaches  the 
half-integer  resonance;  the  lattice  is  unstable  at  energies 
below  that  point.  Thus,  at  the  lowest  desired  energy,  the 
tune  is  set  to  a  value  safely  below  0.5,  and  this  is  generally 
sufficient  to  have  tunes  below  0.5  over  the  entire  energy 
range.  Since  we  are  accelerating  very  rapidly,  one  is  less 
concerned  with  nonlinear  resonances,  since  the  tune  will 
not  remain  near  any  particular  value  for  a  very  long  time. 

A  good  choice  for  the  tunes  at  the  lowest  energy  is  0.3. 
This  may  seem  to  be  quite  far  from  0.5,  but  in  practice  the 
tune  rises  very  rapidly  as  the  energy  decreases.  To  get  a 
finite  energy  acceptance  at  injection,  to  insure  that  one’s 
design  holds  up  once  end  fields  are  other  nonlinearities  are 
included,  and  to  keep  the  beta  functions  at  injection  rea¬ 
sonable  (see  Fig.  3),  it  is  essential  to  keep  sufficiently  far 
from  the  half  integer  resonance  at  injection.  The  miniu- 
mum  required  voltage  (see  next  subsection  and  Fig.  4)  and 


Figure  4:  Minimum  required  voltage  as  a  function  of  the 
tune  at  the  lowest  energy. 


Figure  5:  Time-of-flight  as  a  function  of  energy  in  a  FODO 
FFAG  lattice. 

the  closed  orbit  swing  improve  when  that  tune  is  raised,  so 
one  does  not  want  to  make  that  tune  too  low. 

Time-of-Flight  Variation 

Secondly,  one  wants  to  make  optimal  use  of  the  installed 
RF.  It  can  be  demonstrated  that  there  is  a  minimum  amount 
of  RF  voltage  that  must  be  installed  in  an  FFAG  accelera¬ 
tor  to  achieve  a  desired  energy  gain  [2].  This  minimum  re¬ 
quirement  comes  about  because  the  time-of-flight  depends 
strongly  on  energy.  Because  of  the  rapid  rate  of  accelera¬ 
tion,  the  relatively  high  frequencies  we  desire  to  use,  and 
the  large  amount  of  installed  voltage,  it  is  impractical  to 
shift  the  RF  phase  to  keep  the  RF  synchronized  with  this 
time-of-flight  variation.  The  time-of-flight  variation  there¬ 
fore  prevents  one  from  staying  at  the  peak  of  the  RF  crest, 
and  this  leads  to  the  minimum  RF  voltage  requirement. 
One  advantage  of  the  non-scaling  FODO  lattice  over  a  scal¬ 
ing  lattice  is  the  parabolic  shape  of  the  time-of-flight  as  a 
function  of  energy  (see  Fig.  5),  compared  to  the  roughly 
linear  behavior  in  the  scaling  lattice.  This  leads  to  a  lower 
minimum  required  RF  voltage  for  a  given  lattice  scale. 
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Figure  6:  Time-of-flight  variation  with  energy  for  increas¬ 
ing  (top  to  bottom)  sextupole  strength. 


To  minimize  the  total  time-of-flight  range  if  the  variation 
is  parabolic  in  energy,  it  is  clearly  optimal  to  place  the  min¬ 
imum  of  the  parabola  at  the  central  energy.  Thus,  this  is  a 
constraint  in  the  optimization  process. 

The  time-of-flight  range  for  a  single  cell  is  approxi¬ 
mately  proportional  to  the  square  of  the  bending  angle  in 
the  cell.  Since  the  minimum  required  RF  voltage  is  pro¬ 
portional  to  the  time-of-flight  range  for  the  entire  ring  [2], 
that  voltage  must  be  approximately  inversely  proportional 
to  the  number  of  cells  in  the  ring.  Thus,  there  is  a  cost 
optimum  if  the  RF  voltage  that  is  actually  installed  is  re¬ 
lated  to  this  minimum  requirement,  since  the  arc  cost  will 
be  proportional  to  the  number  of  cells. 

Furthermore,  the  time-of-flight  range  is  approximately 
proportional  to  the  cell  length.  Thus,  reducing  the  cell 
length  would  presumably  lead  to  a  reduced  RF  cost. 

Since  the  time-of-flight  is  very  quadratic  as  a  function  of 
energy,  one  would  expect  to  be  able  to  reduce  it  by  adding 
sextupole  components  to  the  magnets.  Figure  6  demon¬ 
strates  that  this  is  in  fact  the  case.  However,  these  sextupole 
components  may  have  a  negative  impact  on  the  dynamic 
aperture;  this  has  not  been  examined  as  yet. 

Magnet  and  RF  Considerations 

The  cost  of  magnets  and  the  cost  of  the  RF  systems 
are  the  dominant  costs  in  an  FFAG  accelerator.  While 
one  would  like  to  keep  the  magnets  short  to  keep  the  cell 
lengths  short,  magnet  costs  increase  as  their  pole  tip  fields 
increase,  and  there  are  technological  limitations  as  to  how 
high  the  fields  can  be.  Furthermore,  very  short  magnets  be¬ 
come  dominated  by  end  effects  and  the  associated  nonlin¬ 
earities.  These  field  constraints  and/or  cost  optimizations 
effectively  provide  two  more  constraints  in  the  optimiza¬ 
tion. 

The  drifts  in  the  lattice  must  be  at  least  long  enough  to 
accommodate  an  RF  cavity.  Due  to  the  high  peak  power 
requirements  for  room-temperature  RF,  one  would  prefer 
to  use  superconducting  RF.  The  field  from  the  magnets  at 


superconducting  RF  cavities  must  not  cause  the  cavities  to 
quench.  This  requires  an  additional  separation  between  the 
cavities  and  the  magnets  to  allow  the  field  to  fall  off.  If  the 
cavities  are  cooled  before  the  magnets  are  powered,  then 
the  field  at  the  cavities  can  be  as  high  as  0.1  T  [3].  How¬ 
ever,  before  the  cavities  are  cooled,  the  field  must  be  around 
10-5  t  Thus,  one  must  insure  that  there  is  no  residual 
magnetization  remaining  when  the  magnets  are  powered 
off.  These  considerations  determine  how  much  space  must 
be  left  between  the  cavities  and  the  magnets,  and  therefore 
what  the  minimum  drift  length  in  the  FODO  cell  can  be. 

Since  beta  functions  (and  therefore  magnet  apertures) 
will  be  smallest  when  the  cell  length  is  the  least,  and  since 
the  time-of-flight  variation  is  less  when  the  cell  length  is 
least,  one  generally  chooses  the  drift  length  to  be  the  mini¬ 
mum  allowed  for  the  purposes  of  installing  RF  cavities. 

Other  Considerations 

A  cost-optimal  design  may  not  turn  out  to  be  what  one 
wants  to  use  due  to  muon  decays.  Thus,  if  an  optimized 
design  turns  out  to  have  too  many  decays,  one  may  instead 
optimize  the  system  to  have  the  maximum  tolerable  decay. 

A  final  concern  is  beam  loading  in  the  RF  cavities.  The 
beam  generally  extracts  energy  from  the  RF  cavities  far  too 
quickly  to  be  replaced.  Thus,  a  design  requiring  an  ex¬ 
tremely  large  number  of  passes  will  not  work  well  since 
too  much  stored  energy  will  be  extracted  from  the  cavities. 
Thus,  it  may  turn  out  that  the  desired  solution  is  to  have  a 
certain  maximum  number  of  turns.  Furthermore,  this  con¬ 
sideration  precludes  running  cavities  at  very  low  voltages 
to  try  to  minimize  peak  power  requirements. 

CONCLUSIONS 

It  is  straightforward  to  design  a  FODO-based  nonscal¬ 
ing  FFAG  to  specified  constraints  using  nonlinear  fitting 
and  optimization  techniques.  Design  constraints  that  are  re¬ 
quired  to  insure  that  the  FFAG  operates  properly  have  been 
described.  Parametric  dependence  of  some  performance 
parameters  on  input  constraints  have  been  described.  The 
plots  in  this  paper  required  the  creation  of  several  dozen 
lattices,  all  of  which  were  done  in  less  than  an  hour  of  CPU 
time  on  a  three-year  old  PC,  using  code  that  was  written 
specifically  for  this  purpose.  Thus,  one  can  easily  conceive 
of  performing  a  cost  optimization  of  an  FFAG  lattice  de¬ 
sign,  based  on  some  model  of  magnet  and  RF  costs. 
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Abstract 

Cooling  lattices  consisting  only  of  bends  (using  either 
rotated  pole  faces  or  gradient  dipoles  to  achieve  focusing) 
often  require  large  apertures  and  short  magnets.  One  ex¬ 
pects  the  effect  of  end  fields  to  be  significant  in  this  case. 
In  this  paper  we  explore  the  effect  of  adding  end  fields  to 
a  working  lattice  design  that  originally  lacked  them.  The 
paper  describes  the  process  of  correcting  the  lattice  design 
for  the  added  end  fields  so  as  to  maintain  desirable  lattice 
characteristics.  It  then  compares  the  properties  of  the  lat¬ 
tice  with  end  fields  relative  to  the  lattice  without  them. 

INTRODUCTION 

In  designing  a  beamline,  the  magnets  are  modeled  by 
having  a  certain  ideal  field  profile  within  the  body  of  the 
magnet  which  ends  abruptly  when  one  exits  the  magnet. 
There  is  one  exception  to  this,  which  is  the  a  dipole  magnet 
with  a  pole  face  that  is  not  perpendicular  to  the  design  orbit 
at  the  entrance  and/or  exit  to  the  magnet.  In  this  case,  the 
magnet  is  modeled  as  having  a  simple  linear  transfer  matrix 
at  each  end  of  the  magnet. 

Maxwell’s  equations  require  that  real  magnets  have 
fields  which  vary  more  smoothly  at  the  entrance  and  exit  of 
the  magnet.  The  ideal  field  profile  now  smoothly  changes 
from  it’s  nominal  value  in  the  magnet  body  to  zero  at  a 
point  outside  the  “ideal”  magnet  body.  When  this  is  consid¬ 
ered  for  dipole  and  quadrupole  magnets,  the  field  strengths 
generally  must  be  corrected  slightly  to  restore  the  expected 
linear  behavior  of  the  machine. 

Often  of  greater  importance  are  the  nonlinear  fields  that 
are  induced  by  the  non-constant  longitudinal  profile  of  the 
desired  fields.  These  fields  cat  strongly  affect  the  chro- 
maticity,  dynamic  aperture,  and  other  characteristics  of  the 
lattice. 

In  this  paper  we  look  at  the  effect  of  these  endfields  on 
a  ionization  cooling  lattice  consisting  solely  of  dipoles  [1]. 
These  lattices  focus  either  with  edge  focusing  or  by  using 
gradient  dipoles.  The  goal  of  such  a  lattice  is  to  have  a  low 
beta  function  (generally  less  than  1  m)  at  the  absorber  over 
very  large  energy  acceptance  (as  much  as  a  factor  of  2). 

TWO  EXAMPLES 

We  describe  two  example  lattices,  and  show  the  effect 
that  end  fields  have  on  these  lattices.  The  effect  of  end 
fields  in  all  cases  are  estimated  using  COSY  Infinity’s  [2] 
default  fringe  field  model. 
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Figure  2:  Horizontal  beta  functions  for  the  compact  edge- 
focused  lattice  as  a  function  of  the  fringe  field  extent.  The 
red  curve  (most  horizontal)  is  for  no  fringe  field,  subse¬ 
quent  curves  (going  down  on  the  left  and  up  on  the  right) 
correspond  to  increments  in  the  aperture  (and  therefore  in¬ 
crements  of  the  fringe  field  extent)  of  2  cm  per  step,  up  to 
a  maximum  of  10  cm  for  the  magenta  curve. 

Compact  Edge-Focused  Lattice 

Our  first  example  is  an  edge-focused  lattice  which  is  de¬ 
signed  to  have  a  very  low  beta  function  (25  cm)  and  is 
therefore  very  compact  (see  the  top  lattice  in  Fig.  1).  Due 
to  the  fairly  large  initial  transverse  emittance  in  the  beam, 
the  desired  magnet  aperture  is  21  cm.  The  magnet  length  is 
only  40  cm,  so  the  fringe  fields  give  a  significant  perturba¬ 
tion  to  the  beam  behavior.  To  achieve  sufficient  focusing, 
the  bend  angle  must  be  fairly  large:  we  use  90°  bends. 

Figure  2  shows  the  effect  of  adding  the  fringe  fields  to 
the  magnets.  As  the  length  of  the  fringe  fields  increases 
(corresponding  to  an  increasing  aperture),  a  linear  reso¬ 
nance  at  the  low  energy  end  begins  to  come  closer  to  the 
reference  energy.  The  magnet  parameters  are  re-adjusted 
when  the  fringe  fields  are  added  so  that  the  tunes  and  beta 
functions  at  the  reference  energy  remain  the  same  as  they 
were  without  the  fringe  fields. 

Figure  2  only  shows  the  horizontal  beta  functions  for  up 
to  a  10  cm  aperture  in  the  magnets.  At  21  cm,  the  energy 
acceptance  is  even  worse,  and  the  beta  functions  get  even 
larger,  as  can  be  seen  in  Fig.  3.  Instead  of  simply  trying 
to  restore  the  linear  parameters  to  their  values  without  the 
fringe  fields,  one  can  instead  modify  the  lattice  to  attempt 
to  restore  the  lattice  performance.  Figure  3  also  shows  the 
results  of  this  attempt.  The  beta  functions  have  been  re¬ 
stored  to  near  their  original  values,  and  the  energy  accep- 
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Figure  1:  Compact  edge-focused  dipole  cooling  lattice.  Top  is  the  original  lattice  design.  Below  that  is  the  lattice  after 

adding  finite-length  end  fields  and  restoring  the  linear  behavior  of  the  lattice.  Bottom  is  after  trying  to  restore  the  lafti™ 
performance.  ’  " 


Figure  3:  Horizontal  and  vertical  beta  functions  at  the  ab¬ 
sorber  for  the  compact  edge-focused  lattice.  Black  lines 
are  in  the  horizontal  plane,  grey  lines  are  in  the  vertical. 
The  solid  lines  are  with  no  fringe  fields,  the  dotted  lines  are 
with  fringe  fields  corresponding  to  a  21  cm  aperture,  and 
the  dashed  lines  are  after  changing  the  linear  lattice  param¬ 
eters  to  restore  good  performance  to  the  lattice. 


Figure  4:  Layout  of  combined-function  lattice. 


tance  has  been  improved. 

Unfortunately,  the  modifications  that  were  made  to  the 
lattice  to  compensate  for  the  fringe  field  effects  required  a 
substantial  lengthening  of  the  lattice,  as  shown  in  Fig.  1. 
This  means  that  the  beta  functions  at  the  magnets  will  be 
substantially  larger,  and  therefore  require  a  larger  aperture. 
The  fringe  fields  will  need  to  be  lengthened  further  to  take 
this  into  account. 

Combined-Function  Lattice 

Figure  4  shows  the  layout  of  a  combined-function  cool¬ 
ing  lattice  with  reverse  bends  to  make  it  less  compact  than 
the  previous  lattice.  This  lattice  has  a  larger  beta  function 


Figure  5:  Beta  functions  at  the  absorber  for  the  combined- 
function  lattice.  Black  lines  are  in  the  horizontal  plane, 
grey  lines  are  in  the  vertical.  The  solid  lines  have  no  fringe 
fields,  the  dotted  lines  have  fringe  fields  from  a  1  cm  aper¬ 
ture,  and  the  dashed  lines  have  fringe  fields  from  a  10  cm 
aperture. 


than  the  previous  lattice:  around  75  cm  instead  of  25  cm. 
The  magnets  are  1  m  long. 

Figure  5  shows  the  beta  functions  for  this  lattice  as  a 
function  of  energy  for  three  cases:  no  fringe  fields,  very 
short  fringe  fields,  and  longer  fringe  fields.  Note  that  even 
for  very  short  fringe  fields,  there  is  a  substantial  effect  on 
the  vertical  beta  function  and  the  energy  acceptance.  In 
fact,  the  effect  on  the  vertical  beta  function  is  almost  inde¬ 
pendent  of  the  length  of  the  fringe  fields.  There  is  a  much 
weaker  effect  on  the  horizontal  beta  functions,  but  that  ef¬ 
fect  does  not  appear  suddenly  as  soon  as  the  fringe  fields 
are  added. 

This  effect  can  be  understood  by  considering  the  mecha¬ 
nism  for  linear  edge  focusing  in  a  dipole.  If  the  pole  face  is 
rotated  so  it  is  not  perpendicular  to  the  reference  orbit,  there 
is  a  vertical  focusing  force  whose  integral  is  independent 
of  the  length  of  the  fringe  field.  When  there  is  a  nonzero 
derivative  of  the  dispersion  at  the  end  of  a  bending  mag¬ 
net,  the  pole  face  is  rotated  with  respect  to  the  closed  orbit 
off-energy.  There  is  thus  a  vertical  focusing  which  is  linear 
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Figure  6:  Tracking  in  the  for  the  combined-function  lattice. 
Top  row  is  horizontal,  bottom  is  vertical.  Left  is  without 
fringe  fields,  right  is  with  short  fringe  fields. 


in  the  energy  deviation,  and  whose  integrated  strength  is 
independent  of  the  length  of  the  fringe  fields.  There  is  no 
such  effect  in  the  horizontal  plane. 

The  relative  insensitivity  of  this  lattice  to  the  fringe  field 
profile  as  compared  to  the  edge-focused  lattice  is  probably 
related  to  the  relatively  short  length  of  the  magnets  in  the 
edge-focused  case,  compared  to  the  longer  magnets  here. 
For  a  short  magnet,  the  field  profile  is  almost  completely 
dominated  by  the  ends,  whereas  for  a  long  magnet,  the  ends 
form  more  of  a  perturbation  to  the  field  profile.  The  nonlin¬ 
earities  from  the  ends  are  also  smaller  relative  to  the  inte¬ 
grated  strength  of  the  magnet  when  the  magnets  are  longer. 

Figure  6  shows  the  results  of  tracking  with  and  without 
fringe  fields.  The  vertical  dynamic  aperture  decreases  sub¬ 
stantially  when  the  fringe  fields  are  added,  while  there  is 
little  effect  in  the  horizontal  plane. 


ANALYSIS  AND  CONCLUSIONS 

We  have  shown  that  for  dipole-based  cooling  lattices,  the 
magnet  endfields  affect  the  performance  of  the  ring  very 
strongly.  One  cannot  design  a  lattice  without  endfields  and 
expect  it  to  perform  even  closely  to  it’s  design  performance 
after  the  end  fields  are  added.  Restoring  the  lattice  perfor¬ 
mance  to  it’s  original  state  often  looks  nearly  impossible, 
or  at  the  very  least  requires  drastic  changes  to  the  lattice. 

This  effect  is  most  likely  so  strong  in  cooling  lattices  due 
to  the  low  beta  functions  that  they  require.  Since  the  lowest 
order  contribution  from  the  end  fields  is  a  longitudinal  field, 
the  beam  must  make  a  large  transverse  angle  with  respect 
to  the  pole  face  to  see  a  substantial  effect.  The  low  beta 
functions  create  that  large  transverse  angle. 

Endfields  must  be  included  at  the  very  beginning  of  the 
design  stage  for  a  dipole-based  cooling  lattice  if  one  ex¬ 
pects  to  get  even  a  remotely  accurate  picture  of  the  perfor¬ 
mance  of  the  lattice. 
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Abstract 

The  linear  one-turn  map  of  a  storage  ring  contains  cou¬ 
pling  information  on  which  a  correction  algorithm  can  be 
based.  In  principal,  the  one-turn  matrix  can  be  fitted  from 
tum-by-tum  data  of  beam  position  monitors  after  a  kick 
was  applied.  However,  the  so  obtained  coupling  informa¬ 
tion  often  sinks  into  the  noise  floor.  The  signal-to-noise 
ratio  of  the  coupling  information  can  be  greatly  enhanced 
by  fitting  maps  for  larger  turn  numbers  N,  equal  to  half  the 
beat  period.  With  the  so  obtained  N-tum  map  an  automated 
global  coupling  correction  is  possible  without  the  need  for 
a  tune  change.  This  is  demonstrated  for  the  Relativistic 
Heavy  Ion  Collider  where  the  algorithm  is  implemented  for 
operational  use  at  injection. 

1  INTRODUCTION 

Linear  coupling  [1-3]  can  make  it  impossible  to  set  tunes 
to  values  close  to  the  coupling  resonance  Qx  =  Qy.  These 
tunes  are  desirable  since  the  resonance  density  in  this  area 
is  low.  A  widely  used  method  to  measure  global  linear  cou¬ 
pling,  is  to  move  the  tunes  until  the  minimum  tune  separa¬ 
tion  AQmin  = 

I  Qx  Qy\min  is  reached  [1].  A  coupling 
correction  is  then  performed  by  scanning  skew  quadrupole 
corrector  settings  to  minimize  A Qmin.  This  approach  is 
slow,  can  lead  to  beam  losses,  and  cannot  be  practically  ap¬ 
plied  during  an  energy  ramp.  The  decoupling  method  pre¬ 
sented  here  overcomes  all  these  shortcomings.  It  is  based 
on  AT-tum  maps,  fitted  from  tum-by-tum  data  after  a  trans¬ 
verse  kick  was  applied.  Based  on  fitted  AT-tum  maps  the 
minimum  tune  approach  A  Qmin  and  skew  corrector  set¬ 
tings  to  minimize  this  quantity  can  be  obtained  without  a 
tune  change.  The  algorithm  lends  itself  to  full  automation 
and  allows  a  coupling  correction  within  seconds.  An  im¬ 
plementation  at  RHIC  is  shown. 


2  MATRIX  DESCRIPTION 

We  denote  by  z  =  (xy  x' ,  y ,  y')T  the  4- vector  with  the 
positions  and  slopes  at  a  certain  observation  point  in  the 
ring  (see  Fig.  1).  The  linear  one-tum  map  M  transforms 
the  4-vector  z1  at  turn  i  into  the  4-vector  z*+1  at  turn  i  +  1 

via 

zl+1=Mzi.  (1) 

The  4x4  matrix  M  can  be  written  in  terms  of  2  x  2  matrices 


»-(S  S)- 

The  machine  is  said  to  be  globally  decoupled  if  B  =  0 
which  implies  C  =  0.  If  the  linear  coupling  is  causec 


by  a  number  of  small  sources,  rather  than  a  few  large  ones, 
global  decoupling  at  any  observation  point  will  usually  lead 
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Figure  1:  Observation  point  at  the  beginning  of  an  arc  and 
beam  trajectory  in  the  arc. 


to  a  machine  that  is  almost  globally  decoupled  at  any  other 
observation  point  [3]. 

We  denote  by  ( QA ,  Qd)  the  eigentunes  of  the  map  (2), 
and  also  use  the  quantities  /m,d  =  2? tQA)D.  The  eigen¬ 
tunes  can  be  determined  with  good  precision  from  tum-by- 
tum  data  by  filtering,  Fourier  transformation,  and  interpo¬ 
lation  [4].  The  minimum  tune  approach  is  then  [3] 


A  Qmin  — 


y  det  |C  -f  B| 
7r(sin  fiA  +sinfxD) 


where  B  —  — SBrS,  and  S  is  the  symplectic  form. 
Global  decoupling  amounts  to  manipulations  that  result  in 
det  |C  +  B|  =  0.  Note  that  the  sign  of  det  |C  -f-  B|  is 
negative  on  sum  resonances  and  positive  on  difference  res¬ 
onances  [3]. 

For  weak  coupling,  the  largest  elements  of  the  matrices 
B  and  C  can  be  more  than  an  order  of  magnitude  smaller 
than  those  of  the  matrices  A  and  D.  We  now  consider  a  AT- 
tum  map  and  chose  the  turn  number  N  such  that  the  values 
of  the  sub-matrices  B^v  and  Cjv  in  the  multi -turn  map 

&).  » 

are  maximized.  With  coupled  motion  energy  is  exchanged 

between  the  transverse  planes  with  the  beat  frequency.  To 
observe  the  maximum  effect  of  the  energy  transfer  from 
one  plane  to  the  other,  one  has  to  wait  for  half  the  beat 
period.  This  can  be  seen  in  Fig.  2  (a)  and  (b).  The  optimum 
AT  is  thus  approximately 

z\Qa~Qd\  I/m  “  a*jd|  *  ® 

The  coupling  information  can  also  be  obtained  from  the  AT- 
tum  map  since  [5] 

C  +  B  =  (CV  +  BN)  X  -  ^ ~  cos^  (6) 
cos (Nua)  -  cos (NfiD) 
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A Qmin  can  then  be  computed  with  Eq.  (3).  Based  on  the 
obtained  value Jor  C  +  B,  skew  correctors  can  be  set  so 
that  det  |  C  +  B  |  =  0  when  the  correctors  are  included. 
This  will  be  shown  in  Sec.  4. 


3  CONSTRUCTION  OF  A  N-TURN  MAP 

We  assume  that  m  consecutive  turns  of  a  4-vector  z  — 
(x,  x',  y,  y')T  were  fitted  from  tum-by-tum  orbit  data  after 
a  transverse  kick.  For  weak  coupling  this  can  be  done  in  a 
robust  way,  using  a  number  of  beam  position  monitors  in 
an  arc  [5],  For  the  iV-tum  map  one  has 

**+JV  =  MNzk.  (7) 

To  fit  the  matrix  elements  of  the  function 

m—N  4  /  4  \ 2 

x\mn)  =  Y  E  K+N-E  ■ *?  (8) 

fc=i  i*  i  \  l  ) 

is  minimized.  Introducing  the  two  4x4  matrices  S°  and 
S6  with  elements 

m—N  m—N 

s?j  =  Y  zi+Nzj  and  sij  =  Y  (9) 

k~l  k=  1 

the  minimization  of  x2(M^)  leads  to  the  direct  solution 
=  Sa(S6)-1  (10) 

In  an  implementation  the  condition  det  S6  ^  0  needs  to 
be  checked,  and  the  direct  solution  of  Eq.  (10)  may  not  the 
best  way  to  solve  the  problem  numerically  [6]. 


4  LINEAR  COUPLING  CORRECTION 

We  assume  that  the  eigentunes  Qa,d  were  obtained  from 
a  Fourier  transform  of  tum-by-tum  data,  and  the  matrix 

K  =  C  +  B,  (11) 


from  a  iV-tum  map  with  Eq.  (6). 

For  a  correction  algorithm  we  work  in  a  coordinate  sys¬ 
tem,  in  which  the  linear  motion  is  represented  by  circles  in 
phase  space.  The  transformation  into  the  new  coordinate 


system 


£=<Bz 


(12) 


is  provided  by  the  matrix 


and  similar  for  <By  [3].  The  matrix  53  is  computed  at  the 
observation  point.  The  matrix  K  can  be  written  as 


K  =  <8yC'B-1  +  '8!l:B33y1.  (14) 

We  denote  by  filx  the  horizontal  phase  advance  from  the 
observation  point  to  the  skew  quadrupole  z,  and  use 

S‘=  sin  ft*.  ,  Ci  =  cos  4, 

S'x  =  sin(^  -  ni),  C*=  cos(jix  - /4).  1  ’ 

In  the  new  coordinate  system  we  have  for  a  number  of  weak 
skew  quadruples  [3] 


I E s\ci  £ kiy[$~py  s*sA 


(16) 


and  a  similar  expression  for  B.  The  strength  is  the  in¬ 
verse  focal  length  /*  of  skew  quadrupole  i.  Assume  a  cor¬ 
rector  family  has  the  same  skew  corrector  strength  ki  in  all 
correctors  and  results  in 

K1  =  fci(Ci  +  §!).  (17) 

where  the  elements  in  Ci  and  Bi  were  divided  by  k±.  For  a 
global  coupling  correction  we  want  to  minimize  the  quan- 

Uly  x(fci)  =  det|K  +  jfc1K1|.  (18) 

It  follows  £ 

ki  = - (19) 

2detKi  V  ^ 


—  K11K22  —  K12&21  +  K11K22  —  K\2K2\.  (20) 


In  principal  two  correctors  or  families  are  sufficient  to  cor¬ 
rect  linear  coupling  globally  (unless  their  matrices  K1  and 
K2  are  linear  dependent).  After  the  first  strength  k  1  has 
been  found,  the  second  strength  can  be  found  with 
Eqs.  (19)  and  (20),  by  replacing  k\  by  fc2,  K1  by  K2,  and 
KbyK  +  fciK1. 


5  APPLICATION  AT  RHIC 

The  above  described  algorithm  for  global  linear  coupling 
correction  has  been  implemented  within  the  RHIC  injec¬ 
tion  optimization  application.  After  beam  is  injected,  tum- 
by-tum  data  are  automatically  acquired  from  12  beam  po¬ 
sition  monitors  in  the  horizontal  and  12  monitors  in  the 
vertical  plane.  1024  turns  are  recorded  in  each  of  the 
beam  position  monitors  while  the  beam  exhibits  injection 
oscillations.  The  application  has  access  to  an  online  ma¬ 
chine  optics  model,  and  can  read  and  set  skew  corrector 
strengths  [7]. 

In  a  test  the  AQmin  computed  from  the  JV-tum  maps 
was  compared  with  the  A  Qmin  obtained  by  bringing  the 
tunes  together  [5].  Good  agreement  could  be  demonstrated 
over  a  A Q  range  sufficiently  large  to  cover  operation  (both 
RHIC  tunes  are  kept  between  0.2  and  0.25). 

As  an  example  for  a  coupling  measurement  and  correc¬ 
tion  we  show  the  first  test  of  the  algorithm  in  operation, 
performed  in  the  RHIC  Blue  ring  with  deuteron  beam.  In 
Fig.  2  (a)  and  (b)  the  beam  oscillation  in  the  horizontal  and 
vertical  plane  following  the  injection  are  shown.  The  beat¬ 
ing  is  clearly  visible. 

From  the  measured  eigentunes,  the  optimum  turn  num¬ 
ber  N  is  determined  with  Eq.  (5).  We  get  N  =  67  and  the 
fitted  iV-tum  map  is 


2.75 

-2.28 

-13.18’ 

0.49 

-0.17 

-1.40 

22.29 

0.13 

1.84 

-1.31 

-0.04 

-0.23 

from  which  A Qmin  =  0.0064  is  obtained.  ^  } 

RHIC  has  three  families  for  global  decoupling,  due  to 
the  six-fold  symmetry  of  the  machine.  Two  of  those  fami¬ 
lies  are  selected  to  minimize  the  coupling.  The  predicted 
A  Qmin  after  correction  is  0.0003  (see  Fig.  2  (a)).  A 
nonzero  prediction  is  a  sign  of  measurement  errors  in  the 
iV-tum  map,  or  a  mismatch  between  the  optics  model  and 
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the  machine.  The  correction  can  be  implemented  by  press¬ 
ing  a  single  button  in  the  application. 

The  result  of  the  coupling  correction  is  shown  in 
Figs.  2  (c)  and  (d).  The  recoherence  after  650  turns  is  due 
to  synchrotron  motion  and  nonzero  chromaticity.  650  turns 
are  a  synchrotron  period.  After  correction,  we  have 


M122  - 

iVAafter 


/— 0.26 

-11.77 

3.62 

4.49  \ 

0.01 

-0.40 

0.06 

0.29 

(22) 

0.19 

-5.62  - 

-0.17 

-1.23 

0.05 

2.65 

0.22 

0.30  J 

is  reduced  to  0.0023. 

Note  the  reduction  in 

and  A<57 

the  matrix  elements  Mu  and  M32.  The  A Qmin  reached 
by  the  correction  was  confirmed  by  a  tune  measurement  af¬ 
ter  moving  the  tunes  together.  In  operation  it  was  found 
that  the  coupling  correction  cannot  significantly  improved 
beyond  A  Qmin  =  0.002.  This  is  consistent  with  the 
AQmin  —  0.0011  predicted  for  the  next  correction. 


6  SUMMARY 

A  method  for  global  coupling  measurement  and  correc¬ 
tion  is  presented  that  is  based  on  TV -turn  maps  fitted  from 
tum-by-tumbeam  position  data.  N  is  chosen  so  as  to  max¬ 
imize  the  signal-to-noise  ratio  of  the  coupling  information. 
By  using  more  than  two  monitors  per  plane  the  robustness 
is  increased  and  the  effect  of  random  errors  in  beam  po¬ 
sition  monitors  is  ameliorated.  No  tune  change  is  needed 
for  either  the  measurement  or  the  correction.  The  method 
is  implemented  for  operation  as  part  of  the  injection  opti¬ 
mization  application  at  RHIC.  It  allows  a  global  coupling 
correction  within  seconds  after  the  tum-by-tum  data  are  ac¬ 
quired.  The  method  may  be  used  in  situations  other  than 
injection,  when  tum-by-tum  data  of  free  beam  oscillations 
can  be  acquired. 
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Figure  2:  Tlim-by-tum  signals  before  and  after  a  coupling 
correction  at  injection.  In  part  (a)  and  (b)  the  horizontal 
and  vertical  injection  oscillations  are  shown  before  a  cou¬ 
pling  correction.  Part  (a)  also  shows  the  computed  AQmin 
and  the  predicted  A  Qmin  after  a  coupling  correction.  Parts 
(c)  and  (d)  show  the  situation  after  the  computed  corrector 
values  were  applied. 
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ON-LINE  MONITORING  OF  THE  LINEAR  COUPLING  FOR  THE  LHC 


N.  Catalan  Lasheras,  S.  Fartoukh,  J.P.  Koutchouk,  CERN,  Geneva,  Switzerland 


Abstract 

Before  correction,  the  difference  coupling  coefficient  in 
LHC  is  expected  to  reach  |c_|  «  0.2  at  injection  and  vary 
by  30  to  40%  from  injection  to  top  energy.  These  high  val¬ 
ues  arise  mostly  from  the  field  imperfections  in  the  super¬ 
conducting  dipoles,  the  feed-down  from  the  parasitic  sex- 
tupoles  and  the  strongly-focused  low-/?  insertions.  A  mea¬ 
surement  method  which  lends  itself  to  continuous  monitor¬ 
ing  and  active  feedback  is  therefore  investigated.  Our  ap¬ 
proach  is  based  on  the  beam  response  to  an  excitation  in  the 
other  plane  (coupling  BTF).  The  analytical  approach  [1] 
shows  that  a  proper  measurement  protocol  allows  extract¬ 
ing  the  global  and  local  complex  coefficients  of  both  the 
difference  and  sum  coupling  resonances.  In  order  to  pre¬ 
vent  any  emittance  blow-up,  the  beam  is  excited  at  small 
amplitude  outside  its  eigen-frequencies  with  smooth  tran¬ 
sitions  (AC-dipole  principle).  A  first  experiment  in  the 
SPS  [2]  confirms  the  approach  and  its  robustness. 

INTRODUCTION 

Betatron  coupling  causes  an  oscillation  in  one  plane  to 
be  transferred  to  the  other  plane.  This  transfer  depends  not 
only  on  the  excitation  of  the  linear  coupling  resonances  but 
as  well  on  the  local  tilt  of  the  eigen-modes  and,  to  a  lesser 
extent,  on  the  perturbation  of  the  ^-functions.  This  paper 
presents  first  the  beam  response  to  a  sinusoidal  excitation  in 
the  presence  of  coupling.  It  is  used  to  define  measurement 
protocols  yielding  the  coupled  /^-functions  and  the  global 
and  local  coupling  coefficients.  The  systematic  errors  in 
the  methods  are  analysed.  First  experimental  results  using 
a  non-nominal  set-up  are  presented. 

BEAM  TRANSFER  FUNCTION  (BTF)  IN 
TWO  DIMENSIONS 

At  at  given  abscissa  s0  =  0  of  the  lattice  and  at  each  turn 
n,  the  beam  is  assumed  to  be  excited  by  a  dipolar  oscillat¬ 
ing  force  of  the  form 

( vw) s  cos(2*Qd  n+®x  (j£)  ’  (1) 

with  x'D  and  y*D  being  the  amplitudes  of  the  AC  kick,  <j> 
its  phase  with  respect  to  the  beam  at  turn  n  —  0  and  Qd 
a  frequency  given  in  tune  units  (i.e.  normalized  to  the  rev¬ 
olution  frequency).  We  expect  a  response  at  the  drive  fre¬ 
quency,  varying  linearly  with  the  excitation  amplitude  in 
the  approximation  of  harmonic  oscillators  (i.e.  linear  optics 
approximation).  Using  complex  notations  and  according  to 
Ref.  [1],  the  beam  response  can  be  written  as  follows: 

where 

•  s  denotes  the  curvilinear  abscissa  around  the  ring  taking 


the  AC-dipole  as  the  origin.  x{n\  s )  and  y{n\  5)  are  the 
horizontal  and  vertical  oscillations  of  the  beam  at  turn  n 
and  abscissa  s. 

•  A(Qd;  s)  is  a  complex  2x2  matrix  which,  at  the  first 
order  in  the  strength  of  the  skew  quadrupole  errors  of  the 
lattice,  is  given  by 


Axx(Qd 5  s) 

A yx{QD  \  S) 


with 


Axv(Qd;s)  \ 
Ayy(QD]S )  J  5 


(3) 


' AXX(QD ;  s)  d=£f  [A+  e<M.w  _  e-**w] 

<  Ayy{QD]s)  =f  -AWW  [>+  ^ 

def 

•  *’*  sin[7r(QD  ^Qx,v)]  ’ 


_ _  W 

A»Wd;s)  =  £  v&W  x 
{a}  [-4+  C -(Qx-Qd ;  -A~C+  (Qx- H3d ;  s)e-^ ]  + 

[Ai'C-(QxJrQD\8)e-i^  —  A£  C+  (Qx-Qd4,  »)e****  j } 
AVx(Qd',  «)  d=f  £  v'ftfOJftW  x 
{.4+  [A+V-(-Qy-KtD-,s)e^v  -A~C+  (Q„+Qz>;  s^x]  + 
Ax  [AyCA-Qy-QD;s)e~i‘‘y-A+C+(Qy-QD]S)eit‘yj } , 

(5) 

C±(g;  s)  d=  c±  -  2 sin(irg)  c±<  (s) .  (6) 


•  Px,y{s)  are  the  /^-functions  at  abscissa  s  (beam  obser¬ 
vation),  =  Hx,y(s)  are  the  betatron  phase  advances 
from  s  —  0  (AC  dipole  location)  to  s,  Qx,y  denote  the  be¬ 
tatron  tunes,  the  coefficients  c±<  (5)  are  the  (1,  ±1)  linear 
resonance  driving  terms  integrated  from  s  =  0  to  s. 


c±<(s)  =  ^  J‘dsi  , 


and  c±  =  c±<  ( s—C )  represents  the  usual  sum  and  differ¬ 
ence  coupling  coefficients. 

The  beam  is  now  assumed  to  be  excited  in  one  of  the  two 
transverse  planes,  say  in  the  vertical  plane  (that  is  x'D  =  0 
in  Eq.  (1)).  According  to  Eq.  (2),  the  Fourier  transform  of 
the  beam  signal  at  the  excitation  frequency  Qd  is  given  by 

*  (Qd;  «)  =  t;  51  s)  e-2iirQDn  Ntt°°  ^  ei4>Axy  ( Qd;s ) 

,  n=0  2 

y(QD;s)  =  ^~Y,  2/(ni s)  e~2inQDn  Nte°°  ^  ei<f>Ayy  (Qd]s), 

*  1  71=0  2 

(7) 


N  being  the  number  of  turns  used  for  the  BPM  acquisition. 


MEASUREMENT  PROTOCOL  FOR  THE 
/3-FUNCTIONS 

The  “direct”  transfer  function  Ayy  is  most  sensitive  to 
the  /3-function.  The  term  A+  is  dominant  when  the  excita¬ 
tion  frequency  Q  D  lies  in  the  vicinity  of  the  vertical  beta¬ 
tron  tunes.  Starting  from  Eq.  (4),  Ayy  may  be  re-expressed 
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by  a  dominant  term  and  an  “error”  e(s): 

Av{Qd\ s)=-^h^M  [yyi  ei»wo-0,)-H<.,w  (8) 

4  sin  [k(Qd  Qy)] 

with  e($)  =  _  sin  [^(Qd — Qy).  2iy  Q;/—2iyy  (s)  /g, 

sin[7r(QD+Qv)]e  ’  W 

Combining  Eq.’s  (7)  and  (8)  and  assuming  e = 0,  we  get 
^W  =  |S(Qd;s)|2/K2  (10) 

”“h  K  -  ,1.^.1.,^  .n  VSW .  (.1) 


We  now  assume  that  the  ^-beating  measured  at  the  BPM’s 
has  no  systematic  component,  i.e. 

1  ^  &(«'>  -1 

NBPM  0l°\Sj) 

with  NBpm  being  the  number  of  available  BPM’s  and 
P{y]  (sj)  the  nominal  vertical  0  function  at  BPM  number  j. 
Combining  the  above  condition  with  Eq.  (10),  we  get 

_ L  NyyM  \y(Q^sj)\2  vj  m 

U  40)fe)  ’  (12) 

leading  to  an  estimate  of  the  /^-function  at  BPM  number  i: 
Nbpm  \y(QD‘,Si)\2 

M)'  Wru^rWM-  m 

Neglecting  the  contribution  e(s)  induces  an  intrinsic  mea¬ 
surement  error  of  the  order  of 

„  I£I  „  -  <?».»)]  ^  4  _  8% 

Px.y  "  sin  [7t(Qd  +  Qx,y)]  4  8/°  ’ 

using  the  SPS  experiment  parameters  QXjy  =  0.18/0.15 
and  Qd  =  0.19/0.13.  The  function  e(s)  (Eq.  (9))  oscillates 
at  twice  the  betatron  frequencies  and  therefore  cannot  be 
disentangled  from  a  real  ^-beating. 

This  systematic  error  can  be  suppressed  by  exciting  the 
beam  at  two  distinct  frequencies  [1],  preferably  on  both 
sides  of  the  betatron  tune.  The  data  processing  requires 
the  knowledge  of  the  phase  (j)  (Eq.  (1))  of  the  AC  dipole 
excitation  with  respect  to  the  beam,  not  accessible  at  the 
time  of  the  experiment. 

MEASUREMENT  PROTOCOL  FOR  THE 
LINEAR  COUPLING 

As  shown  in  Eq.  (5),  the  coupling  transfer  function  Axy 
can  be  split  into  two  well-distinct  components.  Assuming 
the  machine  to  operate  close  to  the  coupling  resonance, 
i.e.  Qx  —  Qy  1,  and  the  excitation  frequency  to  lie 
in  the  vicinity  of  the  vertical  betatron  tune,  the  main  con¬ 
tributions  is  the  one  proportional  to  the  amplitude  At  oc 
1/sin  [7t(Qd  —  Qy)]: 

■AxV(Qd-,s)  ss  |  y//3v(0)/3I(s)A+  x 
[A+C_(Q* -Qd;s)  -  _4~C+  (Qx+Qd ;  a) «] 

_  *  v  M^x-Qv)  '//?1)(0 


_  »  x  ZlWjMi 

8  sin[jr(QD-(5„)]  sin[7r(QD-Q*)]  * 

[C_ (Qi  — Q£>;  s)  +  A(s)C+(Q£+Q£>;s)]  , 

(14) 


with  A(s)  =  -~n  [7r^D  ~  fl5. 

.  sm[7r(QD  +  Qx)]  •  (15) 

Combining  Eq.’s  (7)  and  (14)  and  assuming  A=0,  we  get 
X  (Qd;  S)  *  2sin[tr(Qo-Qx)] - 


IC-TO— Qp;.)|  l»(0.;.)l, 


with  K  the  calibration  factor  defined  in  Eq.  (1 1)  and  esti¬ 
mated  via  the  relation  (12),  and  0x(s)  as  measured  follow¬ 
ing  the  previous  section 

Under  the  approximation  A(s)  =  0,  note  that  both  the  phase 
and  the  modulus  of  the  coefficient  C ~{QX~QD\  s)  could 
be  determined  thank  to  the  relation  (16).  Nevertheless,  this 
would  again  require  that  the  phase-shift  <f>  of  the  excitation 
w.r.t.  to  the  beam  is  well-lcnown  at  turn  n  —  0. 

If  the  coupling  errors  are  random  around  the  machine  or 
localized  but  spaced  by  pix  ~  /iy  ~  7t  in  both  transverse 
planes  (which  was  the  case  for  the  SPS  when  the  skew 
quadrupoles  were  switched  on  to  generate  coupling),  the 
sum  and  difference  resonance  driving  terms  are  of  the  same 
order  of  magnitude  and  therefore  the  sum  coupling  reso¬ 
nance  induces  a  measurement  error  of  the  order  of 


A  1C- 1  |  AC- 1  |  AC_  | 

I C—  |  |C_|  ~  |C+| 


sin[7r(QD-Qg)] 
sin  [^(Qd+Qx)] 


With  the  betatron  tunes  of  the  SPS  QXtV  =  0.18/0.15  and 
a  beam  excitation  in  the  vertical  (resp.  horizontal)  plane  at 
a  frequency  of  QDy  =  0.13  (resp.  QDx  =  0.19),  we  get 

&  19%  -  14% ,  which  is  significant.  (18) 

As  explained  in  Ref.  [1],  to  get  rid  of  this  measurement 
error,  the  coupling  transfer  function  Axy(QD\  s)  must  be 
measured  at  two  consecutive  BPM’s,  say  BPM  j  and  j  + 1, 
under  the  condition  that  the  sources  of  coupling  between 
these  two  BPM’s  remains  negligible  (e.g.  two  BPM’s 
spaced  by  a  simple  drift),  that  is 

C±fos>)  c±  -  2ie~l7r9sin(Trq)c±<(sj)  «  C±(q;sj+1), 
leading  to 

r+ W  TWs')  «  C±  . 

J8j 

The  data  processing  however  requires  the  knowledge  of 
the  betatron  phase  advance  between  the  AC  dipole  and  the 
two  BPM’s,  which  turns  out  to  be  accessible  if  and  only  if 
the  phase  <f>  (  Eq.  (1))  of  the  AC  excitation  is  known.  As 
said  previously  this  quantity  was  not  available  at  the  time 
of  experiment  and  the  perturbation  A (s)  was  neglected  in 
the  off-line  analysis. 
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MEASUREMENT  RESULTS  ON  THE 
CERN  SPS 

Measurements  were  carried  out  at  three  excitation  levels 
of  the  SPS  skew  quadrupole  chain  corresponding  to  \c  _  |  = 
0.005, 0.01  and  0.015.  For  each  excitation  level,  the  closest 
tune  approach  was  measured  and  the  beam  responses  to  an 
excitation  in  the  horizontal  plane  at  QDx  =  Qx  +  0.01  and 
subsequently  in  the  vertical  plane  at  Q  dv  =  Qy -0.02  were 
recorded  over  1000  turns.  The  oscillation  amplitude  was  of 
the  order  of  one  a.  Due  to  the  impossibility  of  measur¬ 
ing  the  phase  (j>  and  the  absence  of  two  consecutive  BPM’s 
separated  by  a  drift,  the  cancellation  of  the  systematic  er¬ 
rors  e(s)  and  A(s)  was  not  earned  out. 

The  /3-functions  are  calculated  per  Eq.  (13)  and  shown  in 
Fig.  1  together  with  the  MAD  model.  The  error  bars  are 
estimated  from  the  reproducibility  of  the  measurements 
(three  different  sets  of  multi-turn  data  taken  in  each  case). 
The  measured  /3-beating  is  of  the  order  of  ±20  -  30% 
peak  to  peak.  It  should  be  real  since  significantly  higher 
than  the  “/3-beating  like”  systematic  error  e(s)  introduced 
in  Eq.  (9))  and  estimated  at  5-10%  .  As  expected,  the  /3- 
functions  is  weakly  dependent  on  coupling  at  this  level.  A 
few  BPM’s  are  either  wrong  or  badly  calibrated. 
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Figure  1 :  /3- functions  measured  in  the  SPS  for  two  different 
values  of  the  difference  coupling  coefficient  c_. 

The  local  coupling  parameters  C-(Qx,y-QDy<x;s)  mea¬ 
sured  from  Eq.  (17)  are  shown  on  figure  Fig.  2.  Given 
the  cell  phase  advance  of  7r/2,  the  observed  beating  from 
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Figure  2:  Local  coupling  coefficient  |C  ~(Qd  —  Qx)|  ver¬ 
sus  machine  azimuth  for  three  excitation  levels  of  the  skew 
quadrupoles  measured  by  the  closest  tune  approach. 

BPM  to  BPM  is  consistent  with  the  expected  systematic  er¬ 
ror  A (s)  given  in  Eq.  (15).  In  principle,  this  systematic  er¬ 
ror  must  cancel  when  averaged  over  all  BPM’s  of  the  ring. 
In  addition,  the  average  of  the  local  coupling  parameters 
C-(Qx,y-QDv,x;s)  is  close  to  the  global  coupling  coeffi¬ 
cient  with  an  estimated  bias  of  less  than  15%  (Eq.  (6)  which 
vanishes  for  vanishing  coupling).  The  random  error  on  the 
average  is  found  much  below  the  10  "_3  level,  showing  an 
excellent  agreement  with  the  closest  tune  approach. 

The  local  coupling  parameter  should  in  principle  exhibit  a 
jump  at  each  coupling  source.  In  the  SPS,  the  six  different 
skew  quadrupoles  are  all  in  phase.  Following  Eq.  (6),  the 
expected  jump  amplitude  does  not  exceed  27 rq  |c_|  /6  < 
0.05  |c_  |  for  q  =  QX)V  -  QDx  y  =  0.04  -  0.05,  that  is 
a  factor  3  to  4  below  the  local  measurement  error  A(s)  es¬ 
timated  in  Eq.  (18).  Finally,  contrary  to  the  /3-functions, 
it  can  be  proven  and  it  is  indeed  observed  by  comparing 
Fig.’s  1  and  2,  that  badly  calibrated  BPM’s  do  not  affect  the 
measurement  of  the  local  coupling  coefficients  C  _  (9;  s). 

CONCLUSION 

The  on-line  coupling  measurement  reached  a  relative  ac¬ 
curacy  of  15%  due  to  expected  systematic  errors  and  of  a 
few  10 “4  due  to  other  errors.  The  latter  is  our  expectation 
when  two  BPM’s  separated  by  a  drift  and  the  synchroniza¬ 
tion  between  excitation  and  observation  are  available.  The 
measurements,  each  over  1000  turns,  caused  no  measurable 
emittance  blow-up.  The  method  appears  thus  well  suited 
for  a  continuous  monitoring  and  feedback  on  the  difference 
coupling  resonance.  Given  the  large  natural  coupling  in 
LHC  and  its  anticipated  fast  variations,  this  possibility  may 
become  essential  to  prevent  a  confusion  of  the  beam  diag¬ 
nostics,  e.g.  of  the  tune  feedback  in  case  the  tunes  would 
cross.  A  second  application  is  the  monitoring  in  real-time 
of  local  coupling,  notorious  to  be  relevant  at  the  feedback 
systems,  the  collision  points  and/or  the  cleaning  insertions. 
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MEASUREMENT  OF  SEXTUPOLAR  RESONANCE  DRIVING  TERMS  IN 

RHIC 


W.  Fischer,  BNL,  F.  Schmidt  and  R.  Tomas,  CERN 


Abstract 

Theory  predicts  that  resonance  driving  terms  can  be  de¬ 
termined  by  harmonic  analysis  of  BPM  data  recorded  after 
applying  single  kicks.  In  recent  experiments  at  the  CERN 
SPS  this  technique  has  been  successfully  applied  to  mea¬ 
sure  coupling  and  sextupolar  resonance  terms  around  the 
ring.  A  similar  experiment  has  been  carried  out  in  RHIC, 
BNL,  to  prove  the  feasibility  of  this  measurement  in  this 
more  complex  machine.  Promising  results  of  the  experi¬ 
ment  are  presented,  including  a  direct  measurement  of  sex¬ 
tupolar  resonances  and  a  comparison  to  the  model. 

INTRODUCTION 

The  tum-by-tum  single  particle  motion  in  normalised 
coordinates  to  first  order  in  the  non-linearities  is  given 
by  [1] 

x(N)~ipx{N)  =  y/2Zei{2nUxN+^o) 

-2*  Ys  (1) 

jklm 

X  e®[(1-i+fc)(27r*'*  )+(m-l)(2nuv  N+iPvq  )] 


a  real  machine  the  complex  signal  is  constructed  from  two 
pick-ups  with  90°  phase  advance.  If  the  phase  advance  be¬ 
tween  the  two  pick-ups  is  not  exactly  90°  a  linear  trans¬ 
formation  can  be  applied  to  the  data  from  both  pick-ups  to 
obtain  the  corresponding  set  of  data  with  90°  of  phase  ad¬ 
vance.  Only  one  pick-up  cannot  be  used  to  measure  reso¬ 
nance  driving  terms  unambiguously  since  the  spectral  lines 
(m,n)  and  (-m,-n)  cannot  be  disentangled. 

The  Hamiltonian  and  the  generating  function  terms  de¬ 
pend  on  the  longitudinal  location  where  they  are  calculated. 
To  understand  how  they  vary  along  the  ring  the  values  of  a 
Hamiltonian  term  at  both  sides  of  a  source  of  non-linearity 
are  compared.  Prior  to  this  element  the  term  is  hjklm  and 
after  it  is  h2klm .  The  non-linearity  contributes  to  the  first 
case  with  the  quantity  kjkim  and  to  the  second  case  with  the 
quantity  kjkim  because  the  element 

has  moved  to  the  end  of  the  lattice.  Therefore  the  relation 
between  the  two  Hamiltonian  terms  is  expressed  as 

h%lm  =  h1jklm+(e-i2^-k)''z+(l-m)vv]  _  l)kjklm  ,  (4) 

the  equivalent  relation  between  the  generating  function 
terms  is  given  by 


where  Ix  and  Iy  are  the  horizontal  and  vertical  actions,  i/jXq 
and  i/> yo  are  the  horizontal  and  vertical  initial  phases,  vx  and 
vy  are  the  horizontal  and  vertical  tunes  including  the  am¬ 
plitude  dependent  detuning  and  the  factors  fjkim  are  the 
generating  function  terms.  These  are  related  to  the  Hamil¬ 
tonian  terms  hjkim  by  the  following  expression, 

fjklm  ~  1  _  e-iMU-k)v,+[l-m)vv\  ■  & 

Note  that  the  term  fjklm  drives  the  resonance  (j  -  k,  l  - 
m).  The  Hamiltonian  terms  are  defined  by  the  following 
expansion  of  the  non-linear  Hamiltonian, 

H  =  Y,h^rn{2Ix)^{2Iy)^ 

jklm 

Xg“i[(j- k)(ll>X+ll)xQ)  +  (l  —  m)(V>y+^y0)] 

where  ipx  and  tpy  are  the  horizontal  and  vertical  angle  vari¬ 
ables.  Eqs.  (1)  and  (2)  suggest  that  a  FFT  of  the  tum- 
by-tum  complex  signal  can  be  used  to  measure  the  gen¬ 
erating  function  and  the  Hamiltonian  terms.  The  spectral 
line  (1  -  j  +  k,  m  -  l)  depends  only  on  the  term  fjkim- 
By  line  (m,  n)  we  mean  the  spectral  line  with  frequency 
mvx  +  nuy.  To  illustrate  these  relations  the  third  order 
resonance  is  studied.  The  Hamiltonian  and  the  generating 
function  terms  driving  the  third  order  resonance  are  h3000 
and  /3000  respectively.  The  spectral  line  produced  in  the 
horizontal  motion  by  this  resonance  is  therefore  (-2,0).  In 


fjklm  —  fjklm  kjklm 


(5) 


These  relations  state  that  the  amplitude  of  these  terms 
changes  abruptly  at  the  location  of  the  sources.  Their  am¬ 
plitudes  remain  constant  along  sections  free  of  sources. 
This  feature  is  very  important  since  it  allows  the  localisa¬ 
tion  of  multipolar  kicks.  Applications  of  this  feature  in  the 
CERN  SPS  can  be  found  in  [2]  and  [3]. 

In  a  real  machine  the  beam  is  not  a  single  particle  but 
a  particle  distribution  and  processes  like  the  beam  deco¬ 
herence  change  the  Fourier  spectrum  of  the  tum-by-tum 
motion.  The  effect  of  the  decoherence  due  to  amplitude 
detuning  has  been  described  in  [2].  The  relevant  conclu¬ 
sion  is  that  the  spectral  line  (m,0)  of  a  decohered  signal  is 
reduced  by  a  factor  of  |m|  compared  to  the  single  particle 
case.  In  particular,  the  two  spectral  lines  (-2,0)  and  (2,0), 
produced  by  sextupolar  fields,  from  the  decohered  motion 
are  decreased  by  a  factor  of  2  compared  to  the  single  par¬ 
ticle  case.  In  order  to  compare  the  results  from  the  experi¬ 
ment  to  single  particle  simulations  the  corresponding  factor 
is  applied  to  the  experimental  results. 


DESCRIPTION  OF  THE  RHIC  MODEL 

The  tracking  program  SixTrack  [4]  is  used  for  the  analy¬ 
sis.  The  RHIC  tracking  model  is  constmcted  from  an  ideal 
lattice,  characterized  by  a  ^-function  of  10  m  at  all  interac¬ 
tion  points.  This  configuration  was  used  in  the  experiment. 
Magnetic  field  errors  are  introduced  in  the  arc  dipoles  and 
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quadruples.  At  injection,  these  field  errors  dominate  the 
dynamic  aperture. 

For  the  dipoles,  cold  measurements  at  660  A  in  58  mag¬ 
nets  are  used  to  determine  the  average  and  rms  values  for 
the  geometric  field  errors  [5,  6].  The  dipole  current  at  in¬ 
jection  is  470  A.  Normal  and  skew  components  are  mea¬ 
sured  up  to  22-poles.  The  measured  mean  and  rms  values 
are  used  to  assign  random  errors  in  the  lattice.  Mean  and 
rms  values  for  the  sextupole  component,  dominated  by  per¬ 
sistent  currents,  are  determined  in  a  separate  measurement, 
and  also  used  to  assign  random  errors  in  the  lattice. 

For  the  quadrupoles,  only  geometric  errors  are  consid¬ 
ered.  Mean  and  rms  values  are  measured  in  380  mag¬ 
nets  at  30  A  and  room  temperature.  A  good  correlation 
is  found  between  warm  and  cold  measurements  in  these 
magnets  [5,  6].  No  additional  persistent  current  error  con¬ 
tributions  are  included  in  the  quadrupoles. 

Tunes  and  chromaticities  are  set  to  the  values  observed 
in  the  experiment.  Closed  orbit  errors  are  disregarded.  In 
the  experiment  one  interaction  region  sextupole  corrector 
was  changed  to  excite  the  third  order  resonance. 

DESCRIPTION  OF  THE  EXPERIMENT 

The  measurement  of  resonance  driving  terms  was  car¬ 
ried  out  in  gold  operation  at  injection.  Relevant  parameters 
are  displayed  in  Tab.  1 .  In  all  cases  the  transverse  injection 
oscillations  of  a  single  bunch  were  observed  tum-by-tum. 
The  horizontal  oscillation  amplitude  was  varied  by  chang¬ 
ing  the  strength  of  the  injection  septum.  The  oscillation 
amplitudes  were  increased  in  steps  until  most  of  the  beam 
was  lost  in  the  injection  process.  12  beam  position  mon¬ 
itors  (BPMs)  in  either  plane  recorded  1024  turns  after  the 
injection. 

Five  sets  of  data  were  taken.  In  each  set  the  horizontal 
oscillation  amplitude  was  varied.  The  first  set  was  taken 
with  the  unchanged  machine.  For  the  other  sets,  the  single 
interaction  region  sextupole  was  powered  to  0.09,  0.03,  - 
0.03  and  -0.09  m-2  respectively.  This  sextupole  should 
drive  first  and  third  order  resonances. 

The  sextupole  that  was  changed  in  the  experiment  is  at  a 
location  with  lattice  functions  {0X,  0y)  =  (143  m,  50  m). 
For  comparison,  the  72  focusing  arc  sextupoles  are  at  lo¬ 
cations  {0XiPy)  =  (45  m,ll  m)  with  a  strength  of 
+0.18  m~2;  72  defocusing  arc  sextupole  are  at  locations 
{Pxi  Py)  =  (11  m,44  m)  with  a  strength  of  -0.39  m-2. 
The  arc  sextupoles  correct  for  the  natural  chromaticities  of 
(£x,n>£y>n)  —  (—55,  —57)  and  the  persistent  current  chro¬ 
maticities  (&,62,ey,62)  =  (-38, +36)  [7]. 

EXPERIMENT  VERSUS  MODEL 

Sextupolar  fields  introduce  three  spectral  lines  in  the 
Fourier  spectrum  of  the  horizontal  motion:  (-2,0),  (2,0)  and 
(0,0).  The  first  one  is  related  to  the  third  order  resonance 
and  the  other  two  are  related  to  the  first  order  resonance. 
An  example  of  the  Fourier  spectrum  obtained  from  the  ex¬ 
perimental  data  and  using  the  SUSSIX  [8]  code  is  shown  in 


Table  1:  Machine  and  beam  parameters  for  the  experiment. 


parameter 

unit 

value 

ring 

... 

Yellow 

specie 

... 

Au79+ 

relativistic  parameter  7 

... 

10.52 

ions  per  bunch  Nb 

109 

0.1 -0.7 

norm,  emittance,  95%  ex>y 

fim 

«10 

tunes  {1 'x,vy) 

... 

(28.223,  29.235) 

chromaticities  (£x,£y) 

... 

*  (-2,  -2) 

sext.  strength  K2L( MAD) 

m~2 

from  -0.09  to  0.09 

-0.5  -0.4  -0.3  -0.2  -0.1  0  0.1  0.2  0.3  0.4  0.5 

Frequency  [tune  units] 


Figure  1:  Fourier  spectrum  of  the  complex  signal  from 
pick-ups  yob-bhlO  and  yob-bh\2  for  the  unchanged  RHIC 
and  for  an  oscillation  amplitude  of  8  mm.  The  label  (m,n) 
means  that  the  frequency  is  equal  to  mi^+nz^. 

Fig.  1.  In  this  figure  the  tune  line  and  the  three  sextupolar 
spectral  lines  are  seen  plus  the  spectral  line  (-1,0)  which  is 
due  to  quadrupolar  and  octupolar  resonances. 

To  measure  the  spectral  line  (0,0)  the  closed  orbit  previ¬ 
ous  to  the  excitation  of  the  betatron  motion  is  needed.  Since 
in  this  experiment  the  betatron  motion  was  excited  by  in¬ 
jecting  with  a  certain  transverse  angle,  the  reference  closed 
orbit  is  not  known.  Therefore  the  line  (0,0)  cannot  be  mea¬ 
sured.  The  spectral  lines  (-2,0)  and  (2,0),  normalised  to 
the  tune  line,  are  proportional  to  the  oscillation  amplitude 
and  to  the  resonance  terms  /13000  and  /11200  respectively,  as 
derived  from  Eq.  (1).  For  the  different  sets  of  data  the  nor¬ 
malised  amplitude  of  either  spectral  line  is  plotted  versus 
the  normalized  betatron  amplitude  ax/y/J%.  The  betatron 
amplitudes  have  been  measured  from  the  first  turns  of  the 
BPM  data.  A  beta  function  of  48  m  has  been  assumed  at 
the  BPMs  to  compute  the  single  particle  emittance,  which 
is  twice  the  action  Ix .  Only  the  data  coming  from  two  of 
the  pick-ups  could  be  systematically  used  for  all  the  dif¬ 
ferent  settings.  In  Fig.  2  the  normalised  amplitude  of  the 
spectral  line  (-2,0)  coming  from  these  BPMs  is  plotted  ver¬ 
sus  the  oscillation  amplitude  for  the  five  different  settings 
of  the  interaction  region  sextupole.  The  experimental  val¬ 
ues  have  been  multiplied  by  the  decoherence  factor  of  two 
to  compare  to  the  curves  predicted  by  the  model.  There  is 
a  good  agreement  except  for  the  case  with  -0.09  m-2.  To 
measure  the  first  order  resonance  the  previous  procedure 
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igure  2.  Measurement  of  the  third  order  resonance.  The  Figure  3:  Measurement  of  the  first  order  resonance.  The 

normalised  amplitude  of  the  spectral  line  (-2,0)  is  plot-  normalised  amplitude  of  the  spectral  line  (2,0)  is  plot¬ 
ted  versus  horizontal  betatron  amplitude  for  five  different  ted  versus  horizontal  betatron  amplitude  for  five  different 

strengths  of  the  sextupole.  Experimental  results  are  multi-  strengths  of  the  sextupole.  Experimental  results  are  multi- 

plied  by  the  decoherence  factor  of  2  and  predictions  from  plied  by  the  decoherence  factor  of  2  and  predictions  from 

the  model  are  shown.  the  model  are  shown. 


is  followed  for  the  spectral  line  (2,0).  The  resulting  plots 
are  shown  in  Fig.  3.  There  is  a  good  agreement  for  the 
cases  with  positive  and  zero  strength.  The  agreement  not  as 
good  for  for  the  cases  with  negative  strength.  In  one  case 
(see  Fig.  3)  disagreement  between  experiment  and  model 
is  only  at  large  amplitudes. 

CONCLUSIONS 

For  the  first  time  we  were  able  to  demonstrate  that  sex¬ 
tupole  driving  terms  can  be  measured  in  RHIC,  an  opera¬ 
tional  superconducting  machine.  We  measured  two  types 
of  horizontal  sextupole  resonances  in  a  RHIC  experiment 
and  successfully  compared  them  with  model  calculations 
of  that  machine.  This  opens  the  possibility  of  monitoring 
and  correcting  the  nonlinear  content  of  an  operational  ac¬ 
celerator.  In  conjunction  with  an  AC  dipole,  currently  be¬ 
ing  installed  in  RHIC,  one  can  use  this  technique  continu¬ 
ously  from  injection,  through  the  ramp,  and  on  flat  top.  By 
using  BPMs  around  the  whole  machine,  one  can  determine 
driving  terms  as  function  of  the  longitudinal  positions  and 
identify  locations  of  strong  non-linear  errors  or  incorrectly 
powered  magnets. 


ACKNOWLEDGMENTS 

The  authors  are  thankful  to  A.  Jain,  S.  Tepikian,  and 
J.  van  Zeijts  for  support  in  the  preparation  of  the  RHIC 
model.  F.  Pilat  assisted  in  the  measurements.  We  are  grate¬ 
ful  to  T.  Satogata  for  his  support  in  the  data  analysis. 

REFERENCES 

[1]  R.  Bartolini  and  F.  Schmidt,  LHC  Project  note  132,  Part. 
Accelerators.  59,  pp.  93-106,  (1998). 

[2]  F.  Schmidt,  R.  Tomds,  A.  Faus-Colfe,  CERN-SL-2001- 
039-AP  Geneva,  CERN  and  IPAC  2001. 

[3]  M.  Hayes,  F.  Schmidt,  R.  Tomas,  EPAC  2002  and  CERN- 
SL-2002-039-AP  Geneva,  25  Jun  2002. 

[4]  F.  Schmidt,  CERN  SL/94-56  (AP)  Update  March  2000. 

[5]  M.  Anerella  et  al„  “The  RHIC  Magnet  System”,  BNL 
MDN-6 10-20,  to  be  published  in  NIM  (2001). 

[6]  A.  Jain,  private  communication  (2002). 

[7]  W.  Fischer,  A.  Jain,  and  S.  Tepikian,  Phys.  Rev.  ST  Accel. 
Beams  4, 041002  (2001). 

[8]  R.  Bartolini  and  F.  Schmidt,  CERN  SL-Note-98-017 
(AP). 


2230 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


COMPLETION  OF  THE  SEXTUPOLE  DRIVING  TERMS 
MEASUREMENT  AT  THE  SPS 


F.  Schmidt,  M.  Hayes  and  R.  Tomas,  CERN 


Abstract 

This  paper  represents  the  completion  of  the  series  of 
sextupole  driving  terms  measurements  in  the  SPS  which 
started  in  June  1998.  The  following  two  items  have  been 
missing  from  earlier  reports  on  these  studies:  measuring 
two  dimensional  resonances  and  the  resonance  phase.  The 
possible  dependence  of  these  terms  on  collective  effects 
was  studied.  Lastly,  the  experiment  was  performed  at  two 
different  energies  of  26  and  80  GeV,  to  suppress  energy  de¬ 
pendencies.  Comparisons  to  the  tracking  model  show  ex¬ 
cellent  agreement,  proving  that  this  technique  is  ready  for 
other  machines. 

INTRODUCTION 

In  previous  experiments  [1]  and  [2]  a  beam  based 
method  to  measure  resonance  driving  terms  has  been  es¬ 
tablished.  These  terms  are  measured  from  the  Fourier  anal¬ 
ysis  of  beam  data  after  applying  a  transverse  kick.  This 
technique  has  its  origin  in  the  pioneering  study  described 
in  [3]  and  the  improvement  of  the  Fourier  transform  algo¬ 
rithm  [4].  A  complete  description  of  the  relation  between 
the  Fourier  spectrum  of  the  single  particle  motion  and  the 
resonances  was  provided  in  [5]. 

In  a  real  machine  the  beam  is  not  a  single  particle  but 
a  particle  distribution  and  processes  like  the  beam  deco¬ 
herence  change  the  Fourier  spectrum  of  the  tum-by-tum 
motion.  The  effect  of  the  decoherence  due  to  amplitude  de¬ 
tuning  has  been  described  in  [1].  The  relevant  conclusion  is 
that  the  spectral  line  (m,0)  of  a  decohered  signal  is  reduced 
by  a  factor  of  |m|  compared  to  the  single  particle  case.  In 
order  to  compare  the  results  from  the  experiment  to  single 
particle  simulations  the  corresponding  factor  is  applied  to 
the  experimental  results. 

During  this  experiment  measurements  were  performed 
at  different  intensities  and  different  energies  to  investigate 
any  dependence  on  these  parameters. 


0  1  2  3  4  5  6  7 


Longitudinal  Position  [Km] 

Figure  1 :  Phase  of  the  line  (-2,0)  minus  the  phase  of  the 
line  (1,0)  versus  longitudinal  position  from  experiment  and 
model  for  the  baseline  machine  at  26  GeV. 

where  kj  contains  all  the  factors  as  beta  functions  and 
strengths.  The  change  in  the  phase  of  the  spectral  line 
(1  —  j  +  k,  m  —  l)  over  a  region  free  of  sources  is  now 
computed.  Let  the  betatron  phases  change  by  A ipx  and 
A ij)y  over  this  region.  Then  all  the  ipXj  and  ipyj  change  by 
-Aipx  and  -Aipy  respectively.  The  change  in  the  phase 
of  the  spectral  line  is  given  by  the  sum  of  the  change  of  the 
phase  of  the  term  fjkim  plus  the  change  of  the  phase  of  the 
exponential  part  of  eq.  1,  which  yields 

O'  -  k)  Arfx  +  (/  -  m)A^y  +  (1  -  j  +  k)  A^x 

+(m  -  l)Aipy  =  A'lpx  .  (3) 

This  means  that  the  phase  of  any  spectral  line  from  the  hor¬ 
izontal  motion  changes  by  the  same  amount,  A over 
a  region  free  of  non-linear  sources.  In  particular  this  is 
obvious  for  the  horizontal  tune  line.  Therefore,  the  fol¬ 
lowing  observable  remains  constant  along  sections  free  of 
non-linear  sources  for  any  m  and  n, 

Phase(m,  n)  -  Phase(l,  0)  ,  (4) 


SEXTUPOLAR  RESONANCE  TERMS 

In  order  to  find  an  appropriate  observable  related  to  the 
phase  of  the  resonances  an  insight  into  the  properties  of  the 
phases  of  the  spectral  lines  follows.  From  the  equation  of 
motion  given  in  [5]  the  amplitude  and  phase  of  the  spectral 
line  (1  -  j  4-  k,  m  —  l)  are  given  by  the  following  complex 
quantity, 

-XjfjUmQI.)**** (2 /„) ^ ei[(l-i+fc)^„+(m-J)^0l  f 

(1) 

where  Ix>y  are  the  transverse  actions.  The  term  fjkim  is 
defined  as  the  sum  over  all  the  non-linear  elements  of  the 
same  type,  i.e. 

3 


where  Phase(m,  n)  represents  the  phase  of  the  spectral  line 
(m,n).  This  observable  changes  abruptly  at  the  location  of 
the  non-linear  sources  as  can  be  seen  from  [2].  The  use 
of  this  observable  in  conjunction  with  the  amplitude  of  the 
spectral  line  allows  the  unambiguous  localisation  of  non¬ 
linear  fields.  In  figure  1  this  observable  as  measured  from 
one  single  file  is  plotted  together  with  the  model  prediction 
versus  the  longitudinal  location  for  the  baseline  machine 
at  26  GeV.  It  has  to  be  mentioned  that  a  constant  quantity 
had  to  be  added  to  the  experiment  values  to  meet  the  model 
prediction,  due  to  a  different  origin  of  the  phases.  The  am¬ 
plitude  of  the  corresponding  driving  term  /3000  is  shown  in 
figure  2  together  with  the  prediction  from  the  model.  Both, 
phase  and  amplitude,  show  a  good  agreement. 

As  in  previous  years  measurements  were  also  done  with 
the  eight  extraction  sextupoles  powered  to  (H — I — I — I - 
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Longitudinal  Position  [Km] 


Figure  2:  Amplitude  of  /3000  versus  longitudinal  position 
from  experiment  and  model  for  the  baseline  machine  at 
26  GeV.  The  blue  line  is  used  to  connect  the  experimen¬ 
tal  points. 


Longitudinal  Position  [Km] 

Figure  3:  Phase  of  the  spectral  line  (-2,0)  minus  the  phase 
of  the  spectral  line  (1,0)  versus  longitudinal  position  from 
experiment  and  model  for  SPS  with  the  extraction  sex- 
tupoles  powered  to  (+  +  +  + - )  30  A  at  26  GeV. 

— )  30  A.  In  figure  3  the  phase  of  the  spectral  line  (-2,0) 
minus  the  phase  of  the  spectral  line  (1,0)  is  plotted  versus 
the  longitudinal  position  for  experiment  and  model.  The 
overall  agreement  is  again  good  but  the  curve  from  the 
measurement  is  clearly  more  rough  than  the  one  from  the 
model. 

Sextupoles  also  introduce  non-linear  coupling,  the  hor¬ 
izontal  component  of  the  magnetic  field  is  proportional  to 
the  product  of  the  transverse  coordinates  xy .  This  mono¬ 
mial  introduces,  among  others,  the  term  h0 120  in  the  Hamil¬ 
tonian,  which  drives  the  resonance  (1,-2)  and  contributes  to 
the  vertical  motion,  h~  (N),  with  the  following  quantity, 

-4i/oi2o(24)2(2/y)M-(2*^  . 

0  •  (5> 

By  virtue  of  this  equation  the  term  h0 120  introduces  the 

spectral  line  (-1,-1)  in  the  vertical  tum-by-tum  motion. 
After  normalising  to  the  amplitude  of  the  vertical  tune  the 
amplitude  of  this  spectral  line  is  4|/0i20|\/27*.  This  quan¬ 
tity  is  linear  in  the  horizontal  kick.  For  this  reason  I/0120I  is 
measured  by  performing  a  linear  fit.  The  data  acquired  for 
the  baseline  machine  was  not  decohered  therefore  it  can 
be  directly  compared  to  the  single  particle  model.  In  fig¬ 
ure  4  the  amplitude  of  the  generating  function  term  f0120 
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Figure  4:  Amplitude  of  /0120  versus  longitudinal  position 
from  experiment  and  model  for  the  baseline  machine  at  26 
GeV. 
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Figure  5:  Amplitude  of  /3000  versus  longitudinal  position 
from  experiment  and  model  for  the  baseline  machine  at 
80  GeV.  The  blue  line  is  used  to  connect  the  experimen¬ 
tal  points. 

is  plotted  versus  the  longitudinal  location  together  with  the 
model.  The  agreement  seems  to  be  better  than  that  obtained 
for  the  term  f3000,  figure  2. 

Next  are  the  measurements  done  at  the  SPS  at  80  GeV  In 
figure  5  the  amplitude  of  the  term  /3000  is  plotted  versus  the 
longitudinal  position  from  experiment  and  tracking  model 
for  the  baseline  machine.  To  asses  any  energy  effect  this 
is  to  be  compared  to  the  case  at  26  GeV  shown  in  figure  2. 
The  level  of  agreement  between  model  and  experiment  is 
similar  at  the  two  different  energies.  For  this  reason  energy 
effects  seem  to  be  not  relevant. 

In  figure  6  the  phase  of  the  spectral  line  (-2,0)  minus  the 
phase  of  the  spectral  line  (1,0)  is  plotted  versus  the  longi¬ 
tudinal  position  for  experiment  and  model.  The  level  of 
agreement  is  similar  when  compared  to  the  26  GeV  case, 
figure  1. 

Measurements  were  also  done  with  the  extraction  sex¬ 
tupoles  powered  to  (+  +  +  + - )100  A.  Since  the 

energy  is  around  3  times  larger  than  the  previous  26  GeV, 
the  current  in  the  sextupoles  has  to  be  increased  by  a  simi¬ 
lar  factor  to  obtain  a  similar  strength.  In  figure  7  (Top)  the 
amplitude  of  the  generating  function  term  /300o  is  plotted 
versus  the  longitudinal  position  together  with  the  model.  A 
factor  two  is  applied  to  the  data  in  order  to  restore  the  ef¬ 
fect  of  decoherence.  Model  and  measurements  show  large 
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Figure  6:  Phase  of  the  spectral  line  (-2,0)  minus  the  phase 
of  the  spectral  line  (1,0)  versus  longitudinal  position  from 
experiment  and  tracking  model  for  the  baseline  machine  at 
80  GeV. 


Figure  7:  Amplitude  of  /3000  versus  longitudinal  posi¬ 
tion  from  experiment  and  model  at  80  GeV.  The  vertical 
lines  denote  the  position  of  the  extraction  sextupoles.  Top: 
model  with  8  sextupoles.  Bottom:  model  with  7  sextupoles 


discrepancies.  Looking  at  the  location  of  the  first  extrac¬ 
tion  sextupole  a  clear  discrepancy  is  observed.  Whereas  the 
model  predicts  a  large  change  of  the  amplitude  of  this  term, 
the  measurement  gives  a  constant  value  in  that  region.  We 
therefore  suspected  that  this  particular  extraction  sextupole 
was  not  connected.  A  comparison  of  the  data  with  this  new 
model  without  the  first  sextupole  shows  an  excellent  agree¬ 
ment,  figure  7  (bottom).  This  hypothesis  of  a  disconnected 
sextupole  has  been  positively  confirmed  via  the  SPS  alarm 
system  [6],  which  reported  a  failure  of  this  sextupole.  The 
successful  detection  of  a  mispowered  sextupole  is  an  illus¬ 
tration  of  how  this  method  will  help  in  the  commissioning 
of  the  LHC. 

The  effect  of  the  beam  intensity  on  the  measurement  of 


Figure  8:  Normalised  amplitude  of  the  spectral  line  (-2,0) 
versus  kick  amplitude  for  the  four  intensity  settings. 

the  resonance  driving  terms  is  now  discussed.  These  terms 
might  depend  on  the  beam  intensity  due  to  space  charge 
and  impedance  effects  [7]  .  During  the  experiment  the 
beam  intensity  was  changed  to  different  values  in  the  range 
from  0.5  x  1010  to  6  x  1010  protons.  In  figure  8  the  nor¬ 
malised  amplitude  of  this  spectral  line  averaged  over  all 
pick-ups  is  plotted  versus  kick  amplitude  for  the  four  dif¬ 
ferent  intensities.  For  the  majority  of  the  kicks  the  differ¬ 
ences  remain  inside  the  error  bars.  No  local  discrepancies 
in  the  resonance  terms  were  observed  around  the  ring. 

CONCLUSION 

For  the  first  time  the  phase  of  the  resonance  terms  has 
been  measured  around  the  ring.  A  very  useful  phase- 
observable  has  been  defined  which  allows  the  unambiguous 
localisation  of  non-linear  sources  when  used  in  conjunc¬ 
tion  with  the  amplitude  of  the  resonance.  The  resonance 
(1,-2)  has  been  also  measured  for  the  first  time.  By  using 
this  technique  a  sextupole  that  by  accident  was  not  powered 
was  identified.  Lastly,  we  have  demonstrated  that  neither  a 
change  of  energy  nor  of  intensity  has  significant  influence 
in  measuring  the  resonance  driving  terms. 
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Abstract 

Recently  a  method  to  measure  chromaticity  has  been 
proposed  by  applying  a  transverse  and  a  longitudinal  kick 
to  the  beam.  Assuming  a  Gaussian  bunch  in  the  6- 
dimensional  phase  space,  analytical  expressions  were  de¬ 
rived,  which  relate  the  synchrotron  sidebands  to  the  ma¬ 
chine  chromaticity.  To  assess  limitations  and  extensions 
of  this  technique,  a  more  realistic  accelerator  model  is  con¬ 
sidered  including  dispersion,  transverse  non-linearities  and 
second  order  chromaticity,  which  modify  the  Fourier  spec¬ 
trum.  Tracking  and  analytical  studies  are  performed  to  de¬ 
scribe  these  effects. 

INTRODUCTION 

The  standard  procedure  for  measuring  the  machine  chro¬ 
maticity  is  based  on  changing  the  beam  energy  and  central 
orbit  via  frequency  modulations  of  the  radio  frequency  sys¬ 
tem.  The  chromaticities  are  then  inferred  by  the  variation 
of  the  machine  tunes.  The  above  procedure  tends  to  be 
lengthy  and  perturbs  the  normal  machine  operation.  Nev¬ 
ertheless  a  recent  study  has  shown  that  by  using  a  phase 
locked  loop  tune  meter  the  performance  of  this  method  can 
be  largely  improved  [1].  Various  alternative  techniques 
to  measure  chromaticity  have  been  proposed  during  the 
last  years.  Two  remarkable  ones  are  described  in  [2],  [3] 
and  [4].  The  first  one  uses  the  phase  difference  between  the 
oscillations  of  the  head  and  the  tail  of  the  bunch.  The  sec¬ 
ond  one  consists  in  modulating  the  radio  frequency  phase 
and  measuring  the  induced  tune  modulation. 

In  [5]  yet  another  method  to  determine  the  chromatic¬ 
ity  is  proposed  by  measuring  the  amplitude  and  phase  of 
the  synchrotron  sidebands  of  the  transverse  motion  after  si¬ 
multaneously  applying  a  longitudinal  and  a  transverse  kick. 
The  analytical  expression  obtained  in  this  paper  for  the  am¬ 
plitude  of  the  synchrotron  sideband  of  order  q ,  i.e.  with 
frequency  given  by  Qx  +  qQSi  is  expressed  as 

AMP(q)  =  e-'2|/«(s2-Kfc)| ,  (l) 

where  <  =  Qxas/Qs,  Q'x  is  the  chromaticity,  as  is  the 
momentum  spread  and  k  is  the  longitudinal  kick  in  sigma 
units.  This  expression  holds  for  a  Gaussian  bunch  matched 
to  the  bucket,  i.e.  as  =  rj  being  the  slippage  fac¬ 

tor  and  R  the  machine  radius.  To  obtain  this  expression 
a  linear  motion  was  assumed  both  in  the  longitudinal  and 
the  transverse  planes  and  only  first  order  chromaticity  was 
considered.  The  above  equation  shows  that  by  applying  the 
longitudinal  kick  the  amplitudes  of  the  synchrotron  side¬ 
bands  are  linear  (first  non  vanishing  order)  in  the  chro¬ 
maticity.  The  sign  of  the  chromaticity  is  contained  in  the 
phase  of  the  sidebands. 


To  assess  limitations  and  extensions  of  this  technique  a 
more  realistic  accelerator  model  is  considered  in  this  ar¬ 
ticle  including  dispersion,  transverse  non-linearities  and 
second  order  chromaticity.  A  Gaussian  bunch  matched  to 
the  bucket  will  be  assumed  for  the  derivations.  Macroparti¬ 
cle  simulations  using  the  HEADTAIL  [6]  code  are  also  per¬ 
formed. 

CONSIDERING  DISPERSION  AND 
NON-LINEARITIES 

The  most  relevant  effect  of  non-linearities  is  the  fact  that 
they  produce  amplitude  detuning  and,  as  a  consequence, 
the  decoherence  of  the  beam  oscillations  after  a  transverse 
kick.  In  this  paper  we  assume  that  the  amplitude  detuning 
is  low  enough  to  ensure  the  resolution  of  the  synchrotron 
sidebands  in  the  Fourier  spectrum  of  the  transverse  mo¬ 
tion.  This  condition  is  normally  desirable  in  the  normal 
operation  of  an  accelerator. 

The  transverse  dynamics  of  a  particle  in  presence  of  chro¬ 
maticity,  dispersion  and  non-linearities  is  approximated  by 
assuming  that  the  energy  oscillations  are  much  slower  than 
the  transverse  oscillations.  The  equation  describing  the 
transverse  motion  is  obtained  by  directly  introducing  the 
time  dependence  of  the  energy  in  the  expressions  derived 
for  a  constant  energy.  Therefore  the  most  relevant  contribu¬ 
tions  to  the  dynamics  are  those  produced  by  the  feed  down 
from  the  non-linear  fields  due  to  the  dispersion  offset.  In 
general,  the  contribution  of  all  the  feed  down  fields  to  the 
transverse  motion  can  be  taken  into  account  by  introducing 
chromatic  Twiss  parameters  in  the  following  way, 

Q  =  Qo  +  Q'6+Iq"62+... 

P  =  Po  +  Af3i6  + ...  (2) 

D  —  Do  +  Di6  +  ... , 

where  P  represents  the  betatronic  function  and  D  the  dis¬ 
persion  function.  In  the  first  place  we  describe  the  Fourier 
spectrum  of  the  motion  considering  only  the  first  chromatic 
order  of  Twiss  parameters.  In  the  following  section  the  ef¬ 
fect  of  Q"  will  be  studied.  The  single  particle  position  as 
function  of  the  turn  number  is  given  by  taking  into  account 
all  the  former  quantities  in  the  following  way, 

x(s,N)  =  \aJl  +  ^(s)6(N) 

x  cos(2tt (Qx  +  A QX(N))N  +  <f>x) 
+D0(s)S(N)  +  D1(s)52(N),  (3) 

where  S(N)  is  the  relative  momentum  deviation  as  function 
of  the  turn  number, 

S(N)  ~  6  cos(27rQsiV)  +  z ~  sin(27r QSN)  ,  (4) 
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(5  and  z  being  the  initial  longitudinal  coordinates  and 
A Qx(N)  is  the  integral  of  Q'XS(N)  from  the  turn  0  to  the 
turn  N  divided  by  N.  It  can  be  deduced  from  the  above 
equations  that  the  chromatic  beta  beating  modifies  the  syn¬ 
chrotron  sidebands  and  the  orbit  oscillates  with  the  fre¬ 


quencies  Qs  and  2 Q$  due  to  the  dispersion  and  the  chro¬ 
matic  dispersion.  The  contribution  of  sextupoles  to  the 
chromatic  beta  beating  is  produced  by  the  quadrupolar  feed 
down  due  to  the  dispersion  at  the  sextupole  and  is  expressed 
as 


— < » 


fs+c 

Js  2sin(2nQx) 

x  cos(2t tQx  -  2| 4>x(s')  -  0*(a)|) , 


(5) 


where  K2  is  the  sextupole  strength.  The  contribution  of 
sextupoles  to  the  chromatic  dispersion  is  produced  by  the 
dipolar  feed  down  due  to  the  dispersion  at  the  sextupole 
and  is  expressed  as 


D1(s) 


4sin(7rQx) 


l 


s+C 

ds'^0 W)K2(s') 


xDg(s')  costs')  -  <f>($)  -  ttQx)  .  (6) 


Contributions  from  other  multipoles  can  be  similarly  com¬ 
puted.  The  motion  of  the  centroid  is  obtained  by  averaging 
the  single  particle  motion  over  the  initial  bunch  density,  i.e. 

/OO  pOC 

dS  /  dzp(S ,  z)x(s ,  N) ,  (7) 

-oo  J— OO 

where  p(S ,  z)  is  the  longitudinal  density  of  the  Gaussian 
bunch  displaced  in  the  z  axis  by  k  sigmas.  To  solve  this 
integral  the  chromatic  beta  beating  is  assumed  to  be  much 
smaller  than  one  and  the  square  root  of  Eq.  (3)  is  expanded 
up  to  first  order.  To  obtain  the  centroid  motion  the  follow¬ 
ing  integrals  are  needed, 

/OC  poo 

dd  dzp(6,z)5(N)ei2wAQ-<-N'>'>N  =  irs(k  +  i<;) 

-OO  J  —  OO 


/OO  poo 

dS  /  dzp(8,z)5(N)  -  <rsk  sin(27rQsN) ,  (8) 

-oo  J — oo 


/oo  poo 

dS  /  dzp(6,z)82(N)  =  <7$[1  +  k2sm2(2nQsN)]  . 
-oo  J — oo 

The  frequencies  and  amplitudes  of  the  different  spectral 
lines  arising  in  the  Fourier  spectrum  of  x(s,  N)  are  given 
in  table  1.  It  is  particularly  interesting  to  note  that  the  fun¬ 
damental  spectral  line  Qx  is  not  affected  by  the  chromatic 
Twiss  parameters  and  that  the  amplitude  of  the  sideband 
Q  +  M Qs  is  different  from  that  of  Qx  -  \q\Qs.  This  differ¬ 
ence  is  linear  in  the  chromatic  beta  beating,  the  longitudi¬ 
nal  kick  and  the  chromaticity.  Therefore  this  difference  can 
be  used  to  determine  the  sign  of  the  chromaticity,  provided 


Frequency 

Amplitude 

Qx  "I-  qQs 

w  t 

X 

Iqis2  ~  +  *?) 

V2  -  kk)  -  Ig+ 1(?2  -  K&)]| 

Qs 

isDo(s)ask 

2  Qs 

Table  1:  Frequencies  and  amplitudes  of  the  different  spec¬ 
tral  lines  produced  by  dispersion  and  sextupolar  fields. 


that  the  chromatic  beta  beating  is  known  or  a  calibration  is 
done  using  another  method  for  determining  the  chromatic¬ 
ity.  Likewise,  if  the  chromaticity  is  known  the  chromatic 
beta  beating  could  be  measured  around  the  ring. 

In  order  to  verify  the  achieved  expressions  a  macropar¬ 
ticle  simulation  has  been  performed  using  a  model  of  the 
CERN  SPS.  One  sextupolar  kick  at  a  dispersion  region  has 
been  introduced  in  the  HEADTAIL  code.  The  value  of  the 
dispersion  was  chosen  to  be  the  average  dispersion  at  the 
SPS  sextupoles,  D  =  2.24  m.  The  strength  of  the  sextupo¬ 
lar  kick  was  chosen  to  reproduce  the  chromatic  beta  beating 
at  the  start  of  SPS,  K2L  —  —0.254564  m~ 2.  Second  order 
chromaticity  was  well  corrected  by  means  of  a  phase  space 
rotation  and  chromaticity  is  Qf  =  —0.279.  The  simula¬ 
tion  was  performed  for  a  longitudinal  kick  of  one  sigma, 
<7$  =  0.00248  and  the  synchrotron  tune  is  Qs  =  0.005.  In 
Fig.  1  a  comparison  of  the  Fourier  spectrum  obtained  from 
the  simulation  and  the  prediction  from  the  model  is  shown. 
Although  a  relevant  discrepancy  is  found  for  the  second  or¬ 
der  sidebands  the  first  order  sidebands  are  well  described 
by  the  model.  This  means  that  second  order  chromatic 
Twiss  parameters  should  be  considered  to  properly  describe 
second  and  higher  order  synchrotron  sidebands.  Simula¬ 
tion  and  model  agree  with  remarkable  precision  concerning 
Du  as  appears  from  the  spectral  line  with  frequency  2 Qs. 
This  is  a  very  relevant  quantity  that  contains  the  local  non¬ 
linear  information  in  a  similar  way  as  the  resonance  driving 
terms  do.  It  is  evident  from  the  figure  how  important  higher 
orders  are,  since  data  were  acquired  at  a  dispersion  free  re¬ 
gion  but  yet  lines  with  Qs  and  3 Qs  are  observed.  We  can 
conclude  that  using  the  first  order  synchrotron  sidebands  of 
all  the  BPMs  around  the  ring  this  technique  can  provide  not 
only  chromaticity  but  also  chromatic  beta  beating  and  local 
non-linear  information. 


Second  order  chromaticity 

This  section  studies  the  effect  of  the  second  order  chro¬ 
maticity  in  the  Fourier  spectrum  of  the  centroid  motion.  An 
analytical  expression  for  the  tum-by-tum  centroid  position 
is  derived  considering  first  and  second  order  chromatici- 
ties  but  not  any  chromatic  Twiss  function.  The  tune  shift 
A Qx  (N)  is  given  by  the  integral  of  Q'S(N)  +  Q"82(N) /2 
from  the  turn  0  to  the  turn  N  divided  by  JV,  giving  the  fol- 
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Frequency  [T  une  units] 

Figure  1:  Fourier  spectrum  of  the  simulated  tum-by-tum 
motion  together  with  the  prediction  from  the  model.  Top: 
Tune  and  synchrotron  sidebands.  Bottom:  Offset  and  mul¬ 
tiples  of  Qs. 


lowing  expression, 


Q'x 


Q* 


27rQsN  |^s*n(2fl'QsN)  z  ^^(cos(2nQsN)  —  1) 
Ql  \&2  (  M .  sin(47rQs N)  \  8z 


+ 


47TiV 


It  (N+4nQs 


J^Q'i  Ur  sin(47rQ,sAr)  ^-| 

2? fR2  V  4ttQs  )\  ‘ 


The  centroid  position  x(s,  N)  is  computed  as  in  Eq.  (7) 
with  the  above  tune  shift  and  it  is  obtained  by  taking  the  real 
part  of  the  following  expression  (up  to  a  proportionality 
constant): 


-*(fc+i<r)  [(»+<;2-^)(coa(2ffQg7Sf)-l)  +  ^i^-g(JV)  +F(N) 

e  21  4it2Q|  j 

^/l  -  +  4  [  -  N2  + 

S(N)  and  F(N)  being 


S(N)  -  sin(27rQsAT)  -  sin(47rQsTV)/2  (9) 
F(N)  .  -(f( i  +  eAr  +  aS5fi^))/2, 

where  c2  =  7rQ"cr£.  This  equation  shows  that  for  large 
N  the  oscillation  amplitude  is  damped  proportionally  to 
1/ feN).  This  effect  increases  the  width  of  the  synchrotron 
sidebands.  The  analytical  description  of  the  Fourier  spec¬ 
trum  is  too  complicated  to  be  usable.  To  illustrate  this  a 


Figure  2:  Fourier  spectrum  and  centroid  position  in  pres¬ 
ence  of  first  and  second  order  chromaticity  from  the  simu¬ 
lation  and  from  the  analytical  formula. 


simulation  has  been  performed  with  the  same  SPS  model 
as  above  but  with  Qf  =  -0.279,  Q"  =  -150  and  with¬ 
out  the  sextupolar  kick.  The  tum-by-tum  centroid  position 
and  the  Fourier  spectrum  obtained  from  the  simulation  and 
the  analytical  formula  are  shown  in  Fig.  2.  The  first  syn¬ 
chrotron  sidebands  can  still  be  used  to  estimate  Q'  although 
a  larger  Q"  would  completely  distort  the  Fourier  spectrum. 


CONCLUSIONS 

It  has  been  demonstrated  that  for  small  amplitude  de¬ 
tuning  and  second  order  chromaticity  the  proposed  tech¬ 
nique  can  be  used  to  measure  chromaticity  and  to  obtain  in¬ 
formation  concerning  chromatic  Twiss  functions  and  non- 
linearities.  It  probably  remains  important  to  study  the  effect 
of  the  non-linearity  of  the  longitudinal  phase  space  motion 
and  collective  effects. 
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Abstract 

To  correct  the  0*  at  the  main  collision  points  (IP1 
and  IP5)  simultaneously  for  the  two  counterrotating  pro¬ 
ton  beams  in  the  Large  Hadron  Collider  (LHC),  a  set  of 
specific  quadrupoles  in  the  non-common  part  of  the  ma¬ 
chine  is  used.  Due  to  the  antisymmetric  optics,  several 
quadrupoles  on  each  side  of  the  insertion  have  to  be  em¬ 
ployed.  The  change  of  0*  is  accomplished  by  increment¬ 
ing  the  quadrupole  gradients.  This  set  of  increments  is  re¬ 
ferred  to  as  0*  tuning  knob.  The  increments  were  calcu¬ 
lated  by  rematching  0*  in  a  range  of  ±  20  %  about  the 
nominal  value.  Linear  curves  were  fitted  to  the  variation 
of  increments  to  construct  a  linear  tuning  knob.  This  was 
done  for  each  plane  using  MAD  8  [1]  and  repeated  with 
MAD  X  [2].  The  linear  behaviour  and  the  orthogonality  of 
the  knobs  were  investigated  for  the  LHC  lattices  V6.2  and 
V6.4.  Different  field  errors  were  introduced  in  the  lattice 
and  the  correction  efficiency  of  the  knobs  was  studied. 


from  the  IP)  in  a  common  beam  pipe  off  center  of  the  mag¬ 
netic  field  axis.  Therefore  the  magnets  of  the  inner  triplet 
cannot  be  used  to  correct  the  effects  of  errors  outside  of  the 
triplet,  as  the  two  rings  are  different.  The  closest  magnets 
that  can  be  used  are  Q4  left  and  right  of  the  IP.  There  are 
further  three  quadrupoles  upstream  (Q5-Q7)  which  can  be 
used  without  any  restriction.  Q8  to  Q13  can  also  be  used, 
but,  as  part  of  the  dispersion  suppressor,  not  without  restric¬ 
tion.  Because  of  the  asymmetric  ^-functions,  the  different 
phase  advances  and  the  need  to  correct  both  planes,  there  is 
no  single  pair  of  quadrupoles  that  can  do  the  correction  for 
either  of  the  planes  without  changing  the  other  plane’s  0- 
function.  The  position  of  the  different  tuning  quadrupoles 
and  the  dipoles  separating  and  combining  the  two  beams  is 
shown  in  Fig.l. 
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1  INTRODUCTION 

In  LHC  operation  the  beam  sizes  of  the  two  beams 
have  to  be  corrected.  Two  orthogonal  knobs  can  correct 
each  plane  independently.  To  form  these  knobs,  a  set  of 
quadrupoles,  which  are  located  on  each  side  of  the  IP  in 
the  insertion,  are  available.  From  these  quadrupoles  a  knob 
is  constructed  so  that  a  specific  strength  change  A  K  is  as¬ 
signed  to  each,  which  we  refer  to  as  knob  vector,  so  that 
the  0 *  is  changed.  To  scale  the  0*  the  knob  vector  A  K 
is  multiplied  with  a  variable  m  which  acts  as  the  actual 
knob.  The  two  knobs  should  have  the  following  character¬ 
istics  within  a  variation  of  ±20%  :  be  orthogonal  in  the 
x-  and  y-  plane,  create  no  beta  beating  in  the  rest  of  the 
ring,  scale  linearly  with  0 *,  not  change  other  constraints 
(e.g.  dispersion,  crossing  angle),  be  able  to  correct  the  0* 
independently  of  the  source  of  the  error  and  be  simple  for 
operation. 

The  performance  of  the  knobs  has  to  be  tested.  There¬ 
fore,  both  knobs,  when  varied  over  their  nominal  range, 
must  meet  the  conditions  of  the  different  criteria  described 
above.  If  this  is  the  case  a  second  stage  of  testing  is  started. 
Various  errors  are  introduced  in  the  lattice  and  the  knobs 
are  used  to  correct  them.  This  is  done  step  by  step  to  see  to 
which  types  of  errors  the  knobs  can  be  applied. 

2  CALCULATING  f3*  TUNING  KNOBS 

The  design  of  the  LHC  insertion  is  asymmetric  and  the 
beams  pass  through  the  inner  triplet  (Q1-Q3  left  and  right 


Figure  1 :  Position  of  the  different  magnets  on  the  left  side 
of  IR1  and  parts  of  the  dispersion  suppressor. 

Using  Q4-Q9  and  Q13  scaled  to  the  same  relative  A K 
as  Q9,  left  and  right  of  the  IP,  a  tuning  knob  was  con¬ 
structed  with  MAD8.  The  version  of  the  lattice  file  for  the 
LHC  was  collision  optics  V6.2.  A  detailed  description  of 
the  calculation  can  be  found  in  [5]. 

Recently,  the  crossing  angle  and  other  minor  changes 
were  re-introduced  in  the  LHC  lattice  with  version  V6.4. 
Also  the  new  version  of  MAD,  MAD  X,  was  defined  as 
the  new  standard  to  simulate  the  LHC  lattice.  MADX  is 
described  in  [2].  Therefore,  the  performance  of  the  knobs 
had  to  be  reviewed  for  this  new  modelling  enviroment  and 
compared  to  earlier  results  with  MAD  8  and  V6.2  [5].  The 
effect  of  the  knobs  on  the  closed  orbit  in  presence  of  the 
nominal  crossing  angle  was  investigated,  in  particular  the 
position  and  slope  at  the  IP.  * 

To  distinguish  between  sources  of  changes  coming  ei¬ 
ther  from  the  change  of  the  lattice  or  from  the  crossing 
angle  the  characterisation  was  repeated  twice,  with  cross¬ 
ing  angle  on  and  off,  respectively.  The  vertical  cross¬ 
ing  angle  has  a  negligible  influence  on  the  changes  of 
A/3*,  A0*,  Aa*f  AaJ,  QXJ Qy,D*x, D*,  X*,pX*  at  the 
IP  as  a  function  of  A0*  and  A0*  for  a  variation  of  ±20%. 
Therefore,  only  the  results  with  crossing  angle  on  are  sum¬ 
marized  in  Table  1.  The  vertical  crossing  angle  results  in 
a  noticable  variation  of  vertical  orbit  Y*  and  slope  pY*  at 
the  IP. 
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Table  1:  Changes  of  A/?*,  A/?J,  Aa*,A a*y,Qx,Qy,Dx, 
Dpx ,  X *,  F*,  pJX*,  pF*  as  a  function  of  A/3*  and  A/3* 
for  ±20%  changes  in  the  presence  of  a  vertical  crossing 
angle  (±lb0prad)  for  V6.4. 


VAR 

+20% 

+20% 

-20% 

—  20% 

L-_J 

_ s 1 _ , 

+20% 

-20% 

+20% 

-20% 

1.9 

1.7 

-2.6 

—  0.5 

3.7 

-3.7 

2.4 

1.5 

Aa*/[1] 

4.5413  -  2 

1.39E  -  2 

2.00E  -  2 

5.64E  -  2 

-4.43E  -  2 

-6.73E  -  2 

1.22E  -  2 

5.43E  -  2 

*§*&! 
ADJ/l  m] 

-0.009 

-0.009 

0.003 

-0.009 

-0.001 

0.009 

0.014 

0.015 

2.78E  -  3 

3.88E  -  3 

-3.40E  -  3 

-2.36E  -  3 

A! 

4.19E  -  4 

1.66E  -  4 

3.29E  -  4 

-5.10E  -  4 

4.15E  -  11 

8.27E  -  11 

3.40E  -  11 

6.38E  —  11 

2.85E  -  6 

2.47E  -  6 

-2.30E  -  6 

-2.79E  -  6 

ApX*/[l] 

1.51E  -  10 

1.27JB  -  10 

1.12E  -  10 

2.26E  —  10 

3.91E  -  6 

4.61E  -  6 

-2.89E  -  6 

-5.14E  -  6 

The  responses  of  A  ft*  and  A/3*  show  a  slightly  degraded 
behaviour  due  to  the  lattice  change  from  version  V6.2  to 
V6.4.  The  behaviour  of  A/3*  is  shown  in  Fig.2. 

The  changes  of  A  a*,  AaJ,  AD*,  AD*,  AX*t  A pX*y 
ApF*,  AQi  and  AQ2,  are  acceptable  for  adjustments  in 
operation.  However,  for  changes  in  /3*  y  of  ±20%  the 
change  of  F*  (the  vertical  position  at  the  IP)  exceeds 
±10%  of  the  nominal  beam  size  as  shown  in  the  left  plot 
of  Fig.  3.  This  effect  is  under  investigation. 


Figure  2:  Orthogonality  behaviour  of  the  /3*  knob.  A/3* 
is  shown  as  a  function  of  mp*  and  mp *  (A/3*  = 
f(mpz,mp+)).  To  only  see  the  change  of  /3 *  created  by 
the  /3*  knob,  A/3*  is  normalized  as  following:  A/3*  = 
(Py  -  Py0)/Py0>  where  / 3 *  is  the  actual  value  and  /3*0  is  the 
value  if  only  the  knob  vector  for  /3*  is  applied.  The  ranges 
on  the  x  and  y  axes  are  (+100/  —  50)%.  Computation  was 
done  for  version  6.4  using  MADX. 

The  orthogonality  behaviour  (A/3*  =  f{mp*,mp*\ 
&Py  =  /(m/?*,m/?*))  of  both  knobs  is  different,  where 
the  two  variables  mp*  y  denote  the  knob  settings.  The  rea¬ 
son  for  this  is  the  antiymmetric  lattice  as  mentioned  be¬ 
fore.  Due  to  technical  and  design  reasons,  the  lattice  is  not 


strictly  asymmetric.  Also  the  phase  advance  is  not  anti¬ 
symmetric  around  the  IP.  All  these  small  differences  con¬ 
tribute  to  the  different  behaviour  of  the  two  planes  because 
a  change  of  the  /3-function  at  the  IP  is  related  to  these  vari¬ 
ables  as  follows: 

=  aiifej  $/3(s)AK(s)  cos(2|A/z|  -  2tt Q)ds. 


Figure  3:  Influence  of  the  knob  vectors  on  F  and  the  cross¬ 
ing  angle  pF  at  IP1.  On  the  x  and  y  axes  the  values  of  the 
scaling  factor  for  the  knob  mp  for  both  planes,  mp*  and 
mp * ,  are  shown  within  a  range  of  (+0.5/  -  0.25)  with  0.1 
units  corresponding  to  0.1  m.  On  the  z  axis  the  vertical 
position  and  slope  at  the  IP,  F*  and  pF*,  are  shown.  The 
computation  was  done  for  LHC  version  6.4  using  MADX. 

In  addition,  the  dispersion  AD  and  /3  functions  have  to 
be  monitored  around  the  ring.  A  change  in  either  of  these 
functions  will  cause  a  change  at  the  other  IPs  which  should 
be  avoided.  The  /3  function  in  the  x  plane  does  not  change 
around  the  ring,  when  the  knob  is  varied,  except  in  the  re¬ 
gion  of  IP1,  due  to  the  variation  of  the  tuning  quadrupoles 
around  IP1.  In  the  plane  where  the  correction  is  to  be  ap¬ 
plied  the  beta  function  through  the  region  between  KQ13L 
and  KQ13R  is  changed  to  create  the  needed  change  of  /3*. 
This  also  introduces  changes  of  (3  in  the  other  plane  with 
the  difference  that  there  /3*  is  kept  constant. 

For  the  dispersion  the  situation  is  similar,  but  different 
from  that  without  crossing  angles.  With  the  vertical  cross¬ 
ing  angle  in  IP1  introducing  dispersion  in  the  vertical  plane 
dispersion  in  both  planes  is  to  be  controlled,  even  if  there  is 
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no  cross  talk  between  the  planes.  So  far  no  critical  changes 
of  the  dispersion  around  the  ring  have  been  observed. 

The  changes  in  the  lattice  between  V6.2  and  V6.4  and 
the  new  simulation  program  could  be  the  reason  for  a 
slightly  degraded  behaviour  of  the  knobs.  This  is  being 
studied. 


3  TESTS 

To  test  the  behaviour  of  the  knobs,  errors  were  in¬ 
troduced  into  the  lattice.  A  preliminary  correction  was 
applied,  i.e.,  orbit  correction  for  61  field  errors,  and 
63, 64, 65,  a2,  a3  correction  with  corrector  spool  pieces, 
based  on  magnetic  field  measuremets.  Then  the  tuning 
knobs  were  applied  and  their  effect  was  observed.  To  ob¬ 
tain  a  diversified  result,  demonstrating  for  which  type  of 
error  the  knobs  work,  a  test  program  is  followed  contain¬ 
ing  various  different  types  of  magnets,  fields  and  errors. 

In  previous  work  [5]  errors  where  introduced  in  the  arc 
dipoles  MB  and  arc  quadrupoles  MQ.  As  error  field  types 
bl  to  bl  1  were  applied.  For  all  cases  the  (3*  values  at  IP1 
could  be  corrected.  Results  for  errors  in  all  the  magnets 
were  summarized  in  [5].  In  these  studies  no  crossing  an¬ 
gle  was  included,  and  the  simulations  were  performed  with 
lattice  version  V6.2  and  MAD  8. 

To  test  the  knobs  in  the  presence  of  the  crossing  angle, 
version  V6.4  with  MAD  X  had  to  be  used.  Therefore,  two 
test  series  were  performed,  one  with  and  one  without  the 
crossing  angle  active.  The  results  are  similar  in  both  cases, 
so  that  only  the  results  from  the  test  series  with  active  cross¬ 
ing  angle  is  shown  in  Table  2.  The  test  series  were  con¬ 
structed  in  the  same  way  as  in  [5]  except  that  no  dipole 
errors  were  applied  for  technical  reasons. 


Table  2:  Results  from  the  test  run  with  systematic  and  ran¬ 
dom  errors  of  the  field  error  types  b2  to  bll  in  the  arc 
quadrupoles  MQ  with  lattice  version  V6.4  and  MAD  X. 


mean 

value 

rms 

max 

ncg 

max 

pos 

tkappl 
max  pos 

tkappl 
max  neg 

-1.5E-3 

1.23E-2 

-3.11E-2 

1.88E-2 

0x 

5.0E-1 

5.0E-1 

A/3* 

3.6E-3 

139E-2 

-2.08E-2 

3.16E-2 

Py 

5.0E-1 

5.0E-1 

-8.0E-5 

1.41E-3 

-4.28E-3 

1.99E-3 

Dx 

2.1E-2 

. 

±D* 

1.9E-5 

557E-5 

-1.06E-4 

1.04E-4 

Dy 

1QE-2 

- 

A  Q* 

64.3115 

1.17E-2 

-2.25E-2 

2.77E-2 

Qx 

64.338 

64.285 

A  Q* 

59.3215 

1.18E-2 

-1.82E-2 

2.99E-2 

Q  2 

59.350 

59.302 

AX* 

2.7E-8 

4.73E-7 

-7.60E-7 

1.42E-6 

X 

7.0E-8 

-4.2E-5 

Ay* 

2.6E-8 

454E-7 

-9.27E-7 

1.08E-6 

Y 

2.6E-6 

-6.1E-6 

ApX* 

-5.9E-8 

1.25E-6 

-3.68E-6 

2.22&6 

PX 

7.3E-6 

-1.0E-5 

A  py* 

1.2E-7 

7.41E-7 

-1.28&6 

7.18E-5 

PY 

7.2E-5 

-4.8E-7 

Columns  two  and  three  in  Table2  show  the  mean  and  rms 
value  of  the  changes  between  the  introduction  of  the  er¬ 
rors  and  the  application  of  the  tuning  knobs,  column  four 
the  maximum  negative,  column  five  the  maximum  posi¬ 
tive  change  out  of  sixty  different  seeds  and  columns  seven 
and  eight  the  resulting  maximum  positive  and  negative  final 
values  of /£,/?*,  D J,  £>*,  QXi  Qy,X\  Y\pX\pY*  over 
60  random  seeds  after  the  tuning  knobs  were  applied. 

To  visualize  the  correction  efficiency  the  actual  correc¬ 
tion  /?o+ A pc  is  plotted  over  the  to  be  corrected  fte  value.  In 
such  a  plot,  all  perfectly  corrected  seeds  lie  on  the  diagonal. 
This  is  shown  in  Fig.4  (left  plot)  for  errors  generated  in  the 


arc  quadrupoles.  The  right  plot  refers  to  errors  generated  in 
the  insertion  triplet.  In  the  latter  case,  if  the  resulting  errors 
in  p*  exceed  a  value  of  ~  ±25%  the  knobs  fail  to  work, 
especially  for  positive  A/3  values. 
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Figure  4:  Correction  efficiency  for  errors  generated  in 
the  arc  quadrupoles  (left  plot)  and  in  the  insertion  triplet 
quadrupoles  (plot  right).  The  corrected  seeds  lie  on  the  di¬ 
agonal.  Imperfectly  corrected  seeds  lie  off  diagonal.  The 
errors  of  the  MQ’s  were  enlarged  compared  to  those  ex¬ 
pected  by  a  factor  of  7.  This  was  done  in  order  to  better 
compare  the  corresponding  correction  efficiency  with  that 
for  errors  generated  by  the  insertion  triplets. 


4  CONCLUSION  AND  THANKS 

So  far  the  characteristics  of  the  calculated  tuning  knobs 
are  within  the  given  boundaries,  except  for  the  changes  of 
the  position  Y  with  a  maximum  of  17%  of  ay  for  20% 
changes  in  p*.  Normal  and  skew  field  error  types  in  the 
arc  dipoles  and  quadrupoles  can  be  corrected  with  these 
knobs.  The  same  optics  errors  generated  in  the  inner  triplet 
quadrupoles  cannot  be  corrected  if  the  p*  change  is  larger 
than  «  20%.  This  is  not  too  surprising,  since  triplet  errors 
change  the  transfer  matrices  between  the  knob  quadrupoles 
on  either  side  of  the  IP.  So  far  the  introduction  of  crossing 
angles  in  the  lattice  shows  no  major  problem  except  for 
the  induced  change  in  the  orbit  at  the  IP.  The  action  of  the 
knobs  in  the  presence  of  a  closed  orbit  distortion  due  to 
field  errors  in  the  magnets  will  be  investigated  in  the  future. 
Finally  beam  beam  effects  and  the  reaction  of  the  knobs  to 
these  will  complement  the  picture  of  the  behaviour  of  the 
knobs.  We  thank  M.  Hayes,  O.  Bruening  and  T.  Risselada 
for  comments  and  informations. 
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Abstract 

In  2002,  nonlinear  chromaticity,  coupling,  amplitude- 
dependent  detuning,  chromatic  phase  advance,  resonance 
driving  terms,  and  off-energy  orbits  were  measured  in  the 
CERN  SPS  at  26  GeV/c.  The  optics  model  has  been  up¬ 
dated  by  adjusting  the  strengths  of  nonlinear  field  errors  in 
the  dipoles  and  quadrupoles,  so  as  to  reproduce  the  mea¬ 
sured  nonlinear  chromaticity.  We  compare  the  field  er¬ 
rors  deduced  in  2002,  measuring  over  a  larger  momentum 
range,  with  those  found  in  2001  and  2000.  The  resolution  is 
improved  by  averaging  over  all  tum-by-tum  position  mon¬ 
itors  in  the  ring  instead  of  using  a  single  dedicated  pick 
up  (‘tune  meter’).  Computations  using  two  different  optics 
codes,  MAD  and  SAD,  indicate  the  sensitivity  to  match¬ 
ing  algorithm  and  magnet  representation.  To  validate  the 
nonlinear  optics  model,  the  predicted  tune  shifts  with  trans¬ 
verse  amplitude,  driving  terms  of  low-order  resonance,  etc., 
are  compared  with  direct  measurements. 

INTRODUCTION 

Given  the  tight  emittance  budget  for  the  SPS  as  LHC 
injector,  a  precise  model  of  the  nonlinear  SPS  optics  is 
desirable,  especially  at  the  injection  momentum  of  26 
GeV/c.  Since  2000  we  are  pursuing  an  experimental  pro¬ 
gram  aimed  at  establishing  a  fast  and  reliable  procedure  by 
which  the  SPS  optics  model  can  be  updated  from  a  fast 
measurement.  Simultaneously,  we  are  exploring  experi¬ 
mental  techniques  that  will  be  important  for  the  commis¬ 
sioning  of  the  LHC  itself.  The  precursor  studies  of  2000 
and  2001  were  reported  in  [1]  and  an  application  to  the  full 
SPS  cycle  in  [2].  The  optics  model  is  based  on  the  mea¬ 
sured  nonlinear  chromaticity.  In  2002  we  explored  its  sen¬ 
sitivity  to  the  momentum  range  and  to  the  choice  of  tune 
signal.  We  also  compared  model  predictions  and  measure¬ 
ments  locally,  as  a  function  of  position  around  the  ring,  and 
we  applied  two  different  optics  codes  to  cross-check  the  re¬ 
sults.  In  this  paper  we  highlight  these  new  developments. 

NONLINEAR  CHROMATICITY 

In  the  SPS,  the  measured  betatron  tunes,  Qx  and  Qy, 
show  a  strongly  nonlinear  dependence  on  the  relative  mo¬ 
mentum  offset,  8 .  The  latter  is  varied  by  changing  the  rf 
frequency.  The  two  measurements  of  2002  are  displayed  in 
Fig.  1.  The  different  pictures  show  two  different  beam  sig¬ 
nals,  i.e. ,  either  from  the  ‘tune  meter’  pick-up  or  from  about 
2x110  beam-position  monitors  (BPMs),  together  with  var¬ 
ious  fits  and  model  predictions.  The  linear,  quadratic  and 
cubic  components  of  the  two  chromaticities  are  defined  as 
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Figure  1 :  Measured  and  predicted  horizontal  and  vertical 
tune  versus  momentum  offset,  for  the  experiment  on  20th 
June  2002  (top  left)  and  on  23rd  August  2002  (others);  with 
fit  over  8  =  -0.009/0.007  (top  right);  8  =  -0.005/0.005 
(centre  left);  again  8  =  -0.009/0.007  (centre  right);  8  = 
—0.003/ +0.003  (bottom  left);  8  =  -0.005/+0.0055  (bot¬ 
tom  right).  The  bottom  row  was  matched  for  KSa  ^  K5b 
using  SAD;  the  other  four  with  K5a  =  K5b  using  MAD. 
The  data  in  the  first  three  plots  are  from  a  dedicated  appli¬ 
cation  (‘tune  meter’),  the  last  three  were  obtained  by  aver¬ 
aging  over  all  BPMs. 


and  can  be  obtained  by  a  fit.  Table  1  summarizes  the  coeffi¬ 
cients  found  in  2002.  The  table  also  indicates  the  8  interval. 

To  construct  an  SPS  optics  model  with  identical  non¬ 
linear  chromatic  behavior,  we  add  sextupolar  and  decap 
olar  field  errors  in  the  two  types  of  dipole  magnets  (called 
MBB  and  MBA)  and  octupole  errors  in  the  two  types  of 
quadrupoles  [1].  We  then  determine  the  strength  of  these 
field  errors  so  as  to  achieve  best  agreement  with  the  6  lin¬ 
ear  and  nonlinear  chromatic  coefficients.  We  distinguish 
between  the  sextupole  errors  in  MBB  and  MBA,  but  often 
assume  that  the  decapole  errors  are  the  same.  This  is  done 
to  avoid  a  degeneracy  problem  when  fitting  with  MAD.  In 
SAD  fits,  we  kept  the  distinction  between  the  two  types  of 
errors,  which  we  denote  by  K5a  and  K5b  (a  similar  nota¬ 
tion  is  used  for  the  other  types  of  errors).  Our  procedure 
assumes  that  all  magnets  have  the  same  systematic  error 
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and  that  the  nonlinear  fields  arise  from  the  regular  cells. 


Table  1:  Linear  and  nonlinear  chromatic  coefficients  ob¬ 
tained  from  a  polynomial  fit  of  the  measured  betatron  tune 
as  a  function  of  rf  frequency. _ 


2002  MDs 
+£  fit 

<o<o 

Q'x 

Q'v 

m 

fl 

1 

20/06/2002 

2.3 

h a 

0.87 

-0.003/0.004 

0.2181 

-0.8 

B3 

BBS 

0.95 

23/08/2002 

KBI 

-0.7 

-2.4 

0.76 

-0.009/0.007 

Q£9 

2.2 

4.0 

2.4 

0.98 

0.3 

-0.6 

-3.0 

-0.005/0.005 

2.4 

2.0 

1.20 

EES 

23/08/2002 

0.1797 

-0.5 

-3.4 

-1.1 

0.75 

-0.009/0.007 

(BPMs) 

0.1574 

2.2 

1.8 

1.8 

0.98 

In  Table  2  we  compare  the  2002  field  errors  with  those 
of  the  two  previous  years.  In  2000  a  single  measurement 
was  performed,  in  the  later  years  several.  The  error  quoted 
reflects  the  rms  spread  over  the  measurements  of  one  year. 
The  last  column  gives  the  average  and  spread  over  all  years. 
We  observe  a  significant  fluctuation,  which  is  partly  caused 
by  different  SPS  cycles,  and,  thus,  related  to  actual  changes 
in  the  remanent  fields.  However,  a  large  variation  is  ob¬ 
served  even  between  measurements  of  the  same  year  and 
for  the  same  cycle. 


Table  2:  Matched  multipole  components  for  linear  and  non¬ 
linear  chromaticity  measurements  in  2000,  2001  [1]  and 
2002  using  MAD,  and  assuming  K$a  =  K&,  (=  K5). 


element 

dipoles 

quadr. 

dipoles 

MDs 

KZa 

K3b 

Kif 

Kid 

K5 

units 

10“3[m~2] 

10-i[m-3] 

PT 

2000 

1.4 

-0.8 

0.8 

-2.6 

-5.8 

2001 

1.2  ±0.3 
-3.0  +  0.5 

1.1  ±0.1 
-0.8  ±2.3 

-20  ±4 

2002 

0.6  ±0.2 
-2.5  ±0.1 

-0.2  ±  0.1 
-1.5  ±0.8 

-12  ±12 

total 

1.0  ±0.3 
-2.1  ±0.8 

0.5  ±  0.5 
-1.6  ±0.8 

-12  ±6 

A  possible  reason  for  the  variation  are  differences  in  the 
momentum  range.  This  is  supported  by  the  various  curves 
and  pictures  in  Fig.  1  (the  last  five  pictures  of  which  show 
the  same  experimental  data  fitted  over  different  momentum 
ranges  with  two  different  programs),  and  also  by  Table  3, 
which  confirms  a  strong  dependence  of  the  fitted  chromatic 
coefficients  on  the  momentum  interval  considered.  Table  4 
displays  the  associated  multipole  errors.  In  particular,  the 
higher-order  errors  K$a  and  K5d  are  not  well  con¬ 
strained  and  vary  dramatically  with  the  fit  range. 


Table  3:  Linear  and  nonlinear  chromatic  coefficients  ob¬ 
tained  from  a  polynomial  fit  to  the  experimental  data  on 
23rd  August  2002,  for  different  8  ranges. 


23/08/02 
=p£  fit 


-0.003/ 

+0.003 


-0.005/ 

+0.005 


-0.0045/ 

+0.005 


-0.005/ 

+0.0055 


Qox 

Qoy 


0.1780 

0.1547 


0.1779 

0.1548 


0.1779 

0.1549 


0.1779 

0.1549 


Q'x 

Q'v 


1.27180 

1.40673 


1.04863 

1.78427 


0.89959 

1.68147 


0.88922 

1.66710 


Q"x 

Qv 

[102] 


0.7 

4.3 


1.2 

2.2 


1.9 

-0.5 


1.9 

0.6 


Qx 

or 

[iog] 


-8.7 

7.7 


-5.4 

3.0 


4.9 

2.7 


-4.8 

3.4 


Table  4:  Matched  multipole  components  from  linear  and 
nonlinear  chromaticity  measurements  on  23rd  August  2002 
for  different  fit  intervals  of  8  and  K$a  /  K$b. _ 


element 

dipoles 

quadruples 

dipoles 

23/08/02 

Kza 

mmmm 

K5a 

+5  fit 

Ksb 

■HK9 

K5b 

units 

lO^m^] 

1 

J, 

pH 

1 

O 

rH 

[m-4] 

-0.003/ 

0.841 

0.38 

-10.0 

+0.003 

-2.61 

-1.76 

-29.9 

-0.005/ 

0.831 

0.39 

-8.6 

+0.005 

-2.71 

-0.84 

-6.1 

-0.0045/ 

0.782 

0.42 

-7.78 

+0.005 

-2.65 

0.39 

-5.77 

-0.005/ 

0.778 

0.44 

-6.55 

+0.0055 

-2.65 

-0.13 

-10.74 

VALIDATION 

Once  the  nonlinear  optics  is  constructed,  we  compare 
its  predictions  for  various  optics  parameters  (other  than 
chromaticity)  with  direct  measurements.  A  primary  test 
is  the  detuning  with  amplitude.  Figure  2  shows  an  exam¬ 
ple,  where  the  agreement  is  good  for  the  vertical  tune.  The 
residual  discrepancy  for  the  horizontal  tune  decreases  if  the 
8  range  of  the  fit  is  narrowed.  Hence,  the  global  behavior 
of  the  SPS  optics  is  fairly  well  reproduced  by  our  model. 


Figure  2:  Predicted  tune  shift  vs.  horizontal  amplitude  in 
mm  (at  /3X  «  100  m)  compared  with  measurement  using 
BPM  data. 

Figure  3  displays  measurements  and  predictions  for 
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the  off-momentum  3rd-oder  resonance  driving  term  /30oo 
[5,  6]  at  all  BPMs  around  the  SPS.  The  prediction  in  the 
left  picture  includes  the  fitted  multipole  errors;  in  the  right 
picture  it  does  not.  The  agreement  is  better,  but  not  perfect, 
if  the  fitted  multipole  errors  are  taken  into  account,  which 
supports  our  hypothesis  of  distributed  errors. 


Sextupole  Driving  Term  23-08-2002  (dp'fteO.OOS) 


Longitudinal  Position  fKm) 


Figure  3:  Amplitude  of  /3000  versus  the  longitudinal  posi¬ 
tion  measured  at  6  =  0.005,  and  the  prediction  with  (left) 
and  without  (right)  the  fitted  multipole  errors. 

For  the  octupolar  driving  term  /'000  [5,  6],  the  simu¬ 
lation  (including  the  fitted  multipole  errors)  and  measure¬ 
ment  are  compared  in  the  left  picture  of  Fig.  4.  Except 
for  the  first  experimental  peak  at  the  beginning  of  the  ring, 
the  agreement  between  model  and  experiment  is  consistent 
within  the  error  bars. 


Octupole  Driving  Term  23-08-2002  (dp/p=0.0) 


Coupling  from  23-08-2002 
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Figure  4:  Left:  measured  and  predicted  amplitude  of  the 
term  /J000  versus  longitudinal  position  at  S  —  0.0;  right: 
measured  coupling  resonance  driving  term  versus 


From  tum-by-tum  beam  positions  recorded  after  hori¬ 
zontal  kick  excitation,  we  can  also  infer  the  horizontal  be¬ 
tatron  phase  advance  between  BPMs.  Measuring  for  two 
different  values  of  5  and  computing  the  difference  at  every 
BPM  yields  the  chromatic  phase  advance  around  the  ring. 
Figure  5  compares  this  with  the  model  prediction.  Again, 
including  the  fitted  errors  improves  the  agreement. 


Phase  «*ance  2306-02  Prarr,  BPM  Phase  atVancs  (JMewee,  23-06-02  From  BPM 


Figure  5:  Measured  and  predicted  phase  advance  differ¬ 
ences  for  5  =  0.0  and  0.005  vs.  longitudinal  position  with 
(left)  and  without  (right)  the  fitted  multipole  errors. 


COUPLING  &  ORBIT 

We  also  measured  the  strength  of  the  linear  coupling  as  a 
function  of  the  energy  deviation.  The  coupling  was  inferred 
from  the  secondary  spectral  lines,  as  described  in  [5].  The 
result  is  shown  in  the  right  picture  of  Fig.  4.  For  negative  5, 
the  dependence  is  almost  linear,  but  for  positive  S  the  cou¬ 
pling  stays  small  and  fairly  constant.  If  this  dependence 
is  caused  by  a  progressive  distortion  of  the  vertical  closed 
orbit,  when  the  vertical  tune  approaches  the  integer  reso¬ 
nance  as  a  result  of  the  momentum  deviation,  the  vertical 
orbit  should  roughly  vary  as  l/[sin(7rQy)(l  +  6)}.  This  is 
indeed  the  case,  as  shown  in  the  left  picture  of  Fig.  6  for  a 
single  BPM.  Plotting  the  fitted  slope  (i.e.,  the  slope  of  the 
line  in  the  left  picture)  for  all  the  BPMs  of  the  ring,  we  ob¬ 
tain  the  right  picture.  The  number  of  oscillations  coincides 
with  the  integer  tune. 


Figure  6:  Left:  vertical  closed  orbit  vs.  l/[sin(7rQy)(l  + 
5)]  at  BPV.31309;  right:  fitted  slope  (“closed  orbit  factor”) 
at  all  BPMs  versus  the  longitudinal  location. 


CONCLUSIONS 

As  in  previous  years,  in  2002  the  nonlinear  optics  model 
of  the  SPS  was  updated  from  the  measured  nonlinear  chro- 
maticity.  Compared  with  earlier  measurements  the  mo¬ 
mentum  range  was  widely  increased.  We  simultaneously 
sampled  the  tum-by-tum  beam  position  at  all  BPMs  around 
the  ring,  which  gives  a  better  resolution  and  also  provides 
many  complementary  optics  informations.  And  we  applied 
two  different  optics  codes  for  the  fits.  The  nonlinear  mul¬ 
tipole  components  obtained  using  MAD  and  SAD  are  con¬ 
sistent,  except  for  one  of  the  two  octupole  errors  ( K4d )  and 
for  the  decapoles.  These  are  the  multipoles  which  also  are 
most  sensitive  to  the  momentum  range  of  the  fit.  To  vali¬ 
date  the  model,  its  predictions  were  compared  with  various 
complementary  optics  measurements,  such  as  the  detun¬ 
ing  with  amplitude,  resonance  driving  terms,  and  chromatic 
phase  advance.  In  general,  the  fitted  nonlinear  field  errors 
improve  the  agreement  between  predictions  and  measure¬ 
ments,  even  locally  around  the  ring. 
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SLOW  GROUND  MOTION  MODELLING  OF  DIAMOND 

J.  K.  Jones,  ASTeC,  Daresbury  Laboratory,  Warrington  WA4  4AD,  UK 


Abstract 

The  need  for  high  stability  in  third  generation  light 
sources  has  produced  strict  requirements  on  the  design  of 
the  foundations.  The  specification  for  the  concrete  floor 
stability  is  a  critical  task,  which  can  have  a  major  cost 
impact.  A  careful  assessment  of  the  effects  of  slow  ground 
motion  on  the  accelerator  is  therefore  required.  This  paper 
presents  the  results  of  simulations  using  various  ground 
motion  models  for  the  DIAMOND  storage  ring  and  the 
booster  synchrotron.  The  modelling  is  implemented  in 
flexible  manner  through  the  use  of  a  Mathematica  to 
MAD  interface.  This  interface  provides  various  high  level 
functions  such  as  access  to  an  SVD  algorithm,  which 
provides  effective  correction  of  the  closed  orbit 
distortions,  the  implementation  of  motion  on  girders  and 
the  statistical  analysis  and  graphical  presentation  of 
results. 

INTRODUCTION 

The  DIAMOND  project  consists  of  a  3GeV  electron 
storage  ring  with  a  full-energy  booster  synchrotron 
injector  [1],  The  storage  ring  is  designed  with  an 
aggressive  2.7nm-rad  emittance,  with  an  emittance  ratio 
of  1%.  Under  such  conditions  the  long-term  stability  of 
the  electron  beam  is  essential  to  maintaining  good  photon 
beam  quality  for  users.  The  stability  of  the  electron  beam 
is  generally  separated  into  two  regimes;  stability  over 
timescales  of  a  few  seconds  or  less,  and  stability  over  the 
timescale  of  a  few  seconds  to  a  few  months.  The  most 
destructive  and  unpredictable  effect  on  the  stability  in  the 
longer  timescale  regime  is  that  due  to  the  motion  of  the 
ground  underlying  the  accelerator  complex.  In  the  initial 
phases  of  machine  construction  and  operation,  ground 
motion  due  to  settling  of  the  newly  loaded  ground  will  be 
dominant.  After  this  time,  experience  from  many 
accelerators  shows  that  the  magnitude  of  the  ground 
motion  decreases  to  a  constant  magnitude  that  continues 
for  the  life  of  the  accelerator. 

Assuming  a  perfectly  aligned  accelerator  initially  and 
excluding  the  short  term  effects  of  creep,  misalignment  of 
accelerator  elements  relative  to  the  design  orbit  grows 
with  time  by  a  random  walk  process,  this  is  the  basis  of 
the  ATL  model.  The  misalignment  of  accelerator  elements 
resulting  from  this  eventually  leads  to  limitations  on  the 
operation  of  the  machine,  for  example  because  of  limits 
on  maximum  corrector  strengths  used  to  compensate  for 
this.  Once  the  magnitude  of  ground  motion  induced 
displacement  of  elements  is  sufficiently  large,  a  re-survey 
and  re-alignment  of  the  accelerator  back  to  some,  possibly 
different,  nominal  required  orbit  is  undertaken.  The 
frequency  of  this  re-alignment  is  directly  influenced  by 
the  rate  of  growth  of  element  misalignments  the 


sensitivity  of  the  accelerator  to  such  motions,  and  the 
corrector  strength  available. 

Since  it  is  only  differential  motion  of  accelerator 
elements  that  are  problematic,  the  electron  beam 
sensitivity  to  ground  motion  vibrations  can  be  reduced  by 
use  of  a  single  cast  floor,  thus  increasing  the  correlated 
element  motion  and  reducing  the  differential  motion. 

The  use  of  girders  to  mount  accelerator  elements  leads 
to  locally  correlated  motion.  Although  girder  assemblies 
can  amplify  the  effects  of  ground  motion  in  some 
frequency  ranges,  in  the  slow  ground  motion  regime  the 
correlated  motion  reduces  the  harmful  differential  motion 
of  the  magnetic  elements. 

Analytic  models  can  be  used  to  assess  the  effects  of 
slow  ground  motion  on  the  alignment  of  the  accelerator 
and  the  effect  on  electron  beam  properties.  Several  of 
these  models  have  been  used  to  assess  the  effects  of  slow 
ground  motion  on  the  DIAMOND  storage  ring  and 
booster  synchrotron.  In  the  case  of  the  DIAMOND 
accelerators  however,  re-survey  and  re-alignment 
intervals  have  been  specified,  from  which  the  maximum 
allowable  motion  of  the  magnetic  elements  and  so  the 
floor  can  be  specified.  The  simulations  must  therefore 
produce  a  specification  for  floor  stability  that  is  required 
so  that  ground  motion  does  not  limit  the  machine 
performance  within  the  specified  re-alignment  interval. 

METHODS  FOR  SIMULATING  GROUND 
MOTION 

Pure  simulation  tools  for  analysing  the  floor  motion  of 
DIAMOND  can  be  split  into  two  regimes;  the  effects  of 
(a)  plane  wave  motion  and  (b)  diffusive  motion. 
However,  at  a  specific  instance  in  time  a  diffusive  model 
can  be  thought  of  as  a  superposition  of  many  planar 
waves  of  differing  phases  and  amplitudes.  Plane  wave 
motion  is  then  a  specific  case  of  a  diffusive  motion 
model. 

The  two  methods  used  for  modelling  the  DIAMOND 
floor  are  (a)  diffusive  motion  ATL  model,  and  (b)  planar 
wave  Fourier  and  Gaussian  model.  These  are  described 
below. 

ATL  Diffusive  Motion  Model 

The  ATL  model  for  ground  motion  is  based  on 
empirical  evidence  collected  at  many  different  sites 
around  the  world.  The  ATL  model  can  be  thought  of  as  a 
first  order  expansion  of  the  real  ground  motion.  This 
model  describes  the  diffusive  or  Brownian  motion  that 
unconnected  points  on  the  ground  (or  structures  attached 
to  the  ground)  undergo  which  are  uncorrelated  and  act  as 
a  low  intensity  baseline  to  the  regular  (in  time  and  space) 
motion  due  to  propagating  waves  in  the  upper  Earth’s 
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crust.  According  to  this  empirical  model,  the  variance  of 
the  relative  motion  of  two  points  scales  as  the  product  of 
the  spatial  and  temporal  interval  between  measurements. 
The  proportionality  constant  A  gives  the  magnitude  of  the 
motion,  and  may  be  different  at  every  site  as  it  depends 
strongly  on  local  ground  conditions.  The  value  of  A  is 
usually  given  in  pm2/(m.s),  although  this  can  be 
converted  to  a  a  value  of  ground  motion  in  jam/1  Om/y ear, 
which  is  preferred  by  the  project  architects. 

Applying  the  ATL  model  to  a  circular  accelerator  is  a 
non-trivial  task.  Previous  work  on  modelling  ATL  ground 
motion  was  applied  to  the  linear  accelerator  case.  The 
method  for  application  of  ATL  to  the  circular  accelerator 
case  has  been  derived  by  N.  Walker  and  A.  Wolski  [2], 
and  is  based  around  the  use  of  co-variant  matrices.  In 
essence,  the  method  overcomes  the  linear  distance 
problem  by  applying  a  magnitude  of  motion  to  each  point 
based  on  its  variance  to  every  other  point  in  the 
accelerator.  Representative  ATL  motion  can  be  seen  in 
Figure  1. 
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Figure  1:  Representative  ATL  motion  over  6  months,  with 
an  A  factor  of  10'7  jim2/(m.s),  in  the  DIAMOND  booster 
synchrotron.  Quadrupole  positions  are  highlighted  as  blue 
points 


Due  to  the  diffusive  nature  of  the  ATL  model,  short 
range  differential  motion  can  develop  to  be  un¬ 
realistically  large,  although  it  is  semi-bounded  by  the 
magnitude  of  the  A  proportionality  constant.  To  ensure  a 
more  realistic  distribution  of  motion  to  the  elements,  it  is 
important  to  apply  the  motion  to  the  magnet  girder 
assemblies.  This  limits  the  differential  motion  between 
adjacent  elements  whilst  still  allowing  long  range 
differential  motion  to  occur.  It  is  also  a  triviality  to  ensure 
that  the  magnets  are  rotated  upon  the  girders. 

Fourier  and  Gaussian  Motion  Models 

Modelling  the  slow  ground  motion  as  either  a  Fourier 
or  Gaussian  distributed  error  is  useful  for  the  situations 
where  floor  deformations  are  correlated  over  long 
distances.  * 

Relative  motion  of  accelerator  elements  can  be 
decomposed  into  a  set  of  Fourier  harmonics,  with  the 
lowest  order  harmonic  being  a  tilt  in  the  machine  axis.  By 
analysing  these  harmonics  individually  one  can  see  the 
relative  effects  on  the  accelerator  of  different  frequencies 
of  ground  motion.  This  can  then  be  compared  to  known 


ground  motion  at  the  chosen  site,  giving  an  insight  into 
the  realistic  sensitivity  of  the  machine. 

Gaussian  distributed  errors  are  a  special  case  of  applied 
ground  motion,  that  deals  only  with  the  case  of  localised 
deformations  in  the  underlying  ground.  A  Gaussian 
distributed  error  can  apply  in  superposition  with  other 
ground  motion  errors. 


Both  of  these  error  distributions  are  shown  in  Figure  2. 


Figure  2:  6th  order  Fourier  distributed  error  (left)  and  a 
120m  wide  Gaussian  distributed  error  (right)  around  the 
DIAMOND  storage  ring. 


COMPUTER  SIMULATIONS 

All  of  the  simulations  of  ground  motion  modelling  are 
performed  through  the  Mathematica  programming 
environment.  A  flexible  interface  to  the  MAD  accelerator 
code  [3]  has  been  written  that  allows  a  close  integration 
with  the  Mathematica  environment.  Within  this 
Mathematica-to-MAD  package,  lattices  can  be  defined 
and  modified,  using  the  functions  internal  to 
Mathematica.  All  of  the  mathematical  modelling  of 
ground  motion  errors  is  performed  within  Mathematica, 
and  then  the  element  displacements  are  written  to  a  MAD 
deck  and  the  effects  on  the  lattice  dynamics  calculated. 

By  using  the  high-level  functionality  of  Mathematica 
environment,  it  becomes  trivial  to  apply  element 
displacements  to  sets  of  elements  on  girders,  and  to 
ensure  that  the  girder  is  tilted  and  rotated  as  required.  This 
enables  a  much  more  realistic  error  model  to  be  applied  to 
the  accelerator. 

The  interface  between  MAD  and  Mathematica  allows 
functionality  to  be  added  to  the  MAD  program  without 
the  need  to  modify  the  original  source  code.  SVD 
correction  of  the  closed  orbit  error  is  one  such 
functionality  that  has  been  added.  By  using  MAD  to 
calculate  the  BPM  response  matrices,  the  mathematical 
functions  within  Mathematica  then  make  it  easy  to  invert 
the  matrix  and  to  enable  powerful  manipulation  of  the 
results.  The  original  lattice  can  then  be  re-written  with 
newly  redefined  corrector  strengths,  and  MAD  used  to 
calculate  the  new  closed  orbit. 

As  all  of  the  lattice  information,  and  the  results  of 
simulations,  is  available  within  the  Mathematica 
environment,  visualisation  of  data  becomes  much  simpler. 
Operations  that  require  basic  lattice  information,  such  as 
lengths  or  strengths,  can  be  accessed  without  the  need  to 
call  MAD,  and  can  be  accessed  without  user  intervention. 
This  automation  greatly  simplifies  the  analysis  of  data 
and  can  also  allow  increased  complexity  of  models 
without  a  proportional  increase  in  effort. 
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STORAGE  RING  MODELLING 

The  DIAMOND  storage  ring  has  two  correction 
schemes.  The  first  is  for  the  fast  motion  of  the  beam,  and 
features  96  combined  horizontal  and  vertical  corrector 
magnets,  two  located  either  end  of  each  long  straight 
section.  The  second  scheme  is  used  to  address  all  motion 
occurring  over  periods  of  greater  than  seconds,  including 
slow  ground  motion.  The  slow  correction  scheme  consists 
of  168  combined  correctors,  located  in  the  sextupole 
magnets.  The  slow  corrector  magnets  have  a  specified 
maximum  deflection  of  0.8mrad.  Previous  work  has 
shown  that  0.3mrad  of  this  specification  should  be 
allowed  to  correct  static  alignment  tolerances  of  magnets 
upon  the  magnet  girder  assemblies.  With  some 
contingency,  this  leaves  0.3mrad  available  for  slow 
ground  motion  correction. 

The  results  of  applying  varying  magnitudes  of  ATL- 
like  ground  motion  on  the  storage  ring  is  shown  in  Figure 
3. 


Motion  [  i&if  10m/  Year] 

Figure  3:  Corrector  strength  requirements  (dashed)  and 
closed  orbits  at  the  dipole  (solid)  and  insertion  devices 
(dot  dashed)  source  points  in  the  DIAMOND  storage  ring 
under  the  influence  of  varying  magnitudes  of  ATL-like 
ground  motion. 

The  results  in  Figure  3  show  large  electron  beam 
offsets  at  the  photon  source  points.  Since  this  offset  is 
corrected,  further  minimisation  of  the  electron  beam 
motion  at  these  points  would  increase  the  closed  orbit 
error  in  the  rest  of  the  machine,  potentially  leading  to 
decreased  lifetime  effects.  The  diffusive  motion  inherent 
in  the  evolution  of  these  errors  would  also  require  an 
undesirable  number  of  realignments  of  optical 
components.  For  these  reasons  a  specification  of 
120pm/10m/year  for  the  storage  ring  floor  motion  has 
been  chosen. 


Figure  4:  Corrector  strength  requirements  (dashed)  and 
closed  orbit  at  the  dipole  (solid)  and  insertion  devices 
(dot-dashed)  in  the  DIAMOND  storage  ring  under  the 
influence  of  Fourier  (left)  and  Gaussian  (right)  ground 
motion. 


With  the  Fourier  and  Gaussian  error  models,  the 
storage  ring  lattice  is  more  sensitive  to  Fourier  errors. 
This  is  shown  in  higher  corrector  requirements. 

The  analysis,  shown  in  Figure  4,  leads  to  a  ground 
motion  specification  of  lOOpm/lOm/year  based  upon 
residual  closed  orbit  error  specifications. 

BOOSTER  MODELLING 

The  DIAMOND  booster  synchrotron  includes  22 
horizontal  and  22  vertical  steering  magnets,  with  22 
combined  H/V  BPMs. 

Currently  the  booster  apertures  include  an  allowance  of 
up  to  1 .4mm  for  the  effects  of  ground  motion  and  other 
factors  not  already  included.  The  ground  motion  effects 
are  directly  influenced  by  the  choice  of  dynamically 
ramped  correctors,  or  static  correction.  In  the  case  of 
static  correction  at  injection  energy,  closed  orbit  errors  at 
3GeV  will  be  significantly  larger,  and  therefore  floor 
specifications  much  tighter. 

Inclusion  of  the  effects  of  ATL,  Fourier  and  Gaussian 
errors  gives  a  specification  for  the  allowable  ground 
motion  of  greater  than  500pm/10m/year  with  dynamic 
correction.  With  only  static  correction  this  drops  to  much 
less  than  1 00pm/ lOm/y ear,  and  leads  to  an  increase  in  the 
defined  booster  apertures.  This  can  be  partly  overcome  by 
performing  re-alignment  of  the  machine  more  often  than 
the  6  month  interval  the  specification  currently  calls  for. 

CONCLUSIONS 

Due  to  the  strong-focusing  nature  of  the  DIAMOND 
storage  ring,  the  contribution  of  slow  ground  motion  on 
the  degradation  of  beam  optics  is  considerable.  The 
accelerator  floor  plays  an  important  role  in  damping  the 
underlying  ground  motion  and  so  has  significant  effects  in 
determining  the  interval  between  re-survey  of  the 
machine,  and  so  the  absolute  long  term  stability  of  the 
electron  and  photon  beams.  Modelling  of  the  floor  motion 
as  diffusive  random  displacements  has  lead  to  a  floor 
specification  that  should  enable  the  DIAMOND  storage 
ring  to  operate  within  its  long  term  stability  goals  for  the 
specified  6  monthly  periods  between  re-alignments. 

The  requirements  on  the  booster  floor  motion  are  less 
stringent  than  the  storage  ring.  The  main  limitation  is  the 
requirement  to  maintain  less  than  1 .4mm  of  closed  orbit 
error,  due  to  aperture  restrictions.  Under  the  assumption 
of  dynamically  ramped  correctors  the  specification  given 
is  consistent  with  a  6  monthly  re-alignment  of  the 
machine. 
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Abstract 

In  low  emittance  synchrotron  light  sources  the  main 
source  of  beam  loss  is  intrabeam  or  Touschek  scattering. 
In  most  cases  the  Touschek  scattered  particles  get  lost  on 
the  vacuum  chamber  with  the  narrowest  vertical  gap.  The 
particles  reach  the  vertical  chamber  from  either  diffusion  or 
coupling  of  the  particle  motion  from  the  horizontal  to  the 
vertical  plane.  The  beam  lifetime  can  be  very  sensitive  to 
the  size  of  the  vertical  chamber  that  can  limit  the  dynamic 
momentum  aperture.  The  reduction  in  lifetime  limits  the 
minimum  size  of  the  chamber  that  can  be  installed  in  the 
ring.  In  this  paper  we  examine  the  effect  of  the  size  of  the 
vertical  apertures  on  the  beam  lifetime  at  the  ALS  under 
various  different  machine  conditions.  We  show  that  there 
are  conditions  where  one  can  make  the  beam  lifetime  much 
less  sensitive  to  the  size  of  the  vertical  aperture. 

INTRODUCTION 

Third  generation  light  sources  have  been  veiy  success¬ 
ful.  Nearly  all  have  met  and  are  exceeding  their  bright¬ 
ness  performance  expectations.  In  some  cases  the  bright¬ 
ness  delivered  is  several  orders  of  magnitude  higher  than 
the  design  values.  There  are  several  reasons  for  this.  The 
three  main  ones  are  that  the  facilities  are  operating  with 
larger  currents,  smaller  emittances  (both  horizontal  and 
vertical)  and  beta-functions,  as  well  as  insertion  devices 
with  smaller  vertical  gaps.  Still  there  is  interest  in  in¬ 
creasing  the  brightness  further.  In  particular  for  the  ALS 
the  interest  is  increasing  the  brightness  for  photon  starved 
experiments  such  as  photon-in  photon-out  and  diffractive 
imaging  experiments.  There  is  also  interest  in  extending 
the  range  of  undulator  radiation  to  higher  energy.  Presently 
undulator  radiation  is  being  used  up  to  2keV  but  with  small 
period  narrow  vertical  gap  permanent  and  superconducting 
magnet  devices  it  will  be  possible  to  extend  the  spectrum 
to  much  higher  energies. 

Of  concern  is  that  smaller  gap  vacuum  chambers  re¬ 
quired  for  these  insertion  devices  will  increase  the  loss  rate 
of  the  particles.  Already  with  the  existing  chambers,  it 
is  known  that  most  of  the  particle  loss  occurs  on  the  nar¬ 
rowest  gap  chamber.  The  chamber  is  located  in  a  region 
where  the  full  gap  is  8.9  mm  with  a  beta-function  of  5. 1  m. 
Also  experimental  tests  using  vertical  scrapers  to  further 
limit  the  physical  aperture  have  shown  that  the  lifetime  can 
be  strongly  dependent  upon  the  size  of  the  vertical  aper¬ 
ture  [1].  It  is  desirable  to  operate  in  a  region  where  the 
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lifetime  is  less  sensitive  to  the  aperture.  In  this  paper  we 
investigate  several  different  operational  modes  where  the 
lifetime  has  markedly  different  dependence  upon  the  size 
of  the  vertical  aperture. 

LIFETIME  VERSUS  GAP 

Using  a  vertical  scraper,  one  can  measure  the  depen¬ 
dence  of  the  lifetime  on  gap.  Lets  look  at  three  different 
cases: 

1.  High-Coupling, 

2.  Low-Coupling,  and 

3.  Eta- Wave. 

In  all  three  cases  the  ring  was  filled  with  24  mA  with  1.5 
mA/bunch.  In  the  High-Coupling  case  the  vertical  emit¬ 
tance  is  increased  to  2%  of  the  horizontal  emittance  by 
powering  one  family  of  skew  quadruples  to  excite  the  lin¬ 
ear  coupling  resonance.  In  the  Low-Coupling  case  18  skew 
quadrupoles  are  adjusted  to  correct  the  vertical  emittance 
to  0.35%  of  the  horizontal.  In  the  Eta-Wave  case  the  18 
skew  quadrupoles  are  used  to  correct  the  coupling  then  12 
skews  are  used  to  introduce  a  vertical  dispersion  wave  (i.e. 
Eta-Wave)  without  exciting  the  coupling  resonance  to  in¬ 
crease  the  vertical  emittances  to  2%  of  the  horizontal  emit¬ 
tance  [3]  (i.e.  emittances  for  blue  and  red  cases  are  equal). 
The  results  are  plotted  in  Fig.  1. 


(blue). 

There  is  a  marked  difference  in  the  dependence  of  life¬ 
time  on  scraper  position  for  the  three  cases.  When  the 
scraper  is  out  at  5  mm,  the  lifetime  of  the  High-Coupling 
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case  is  8  hours  and  the  Eta- Wave  case  is  9  hours.  The  dif¬ 
ference  is  due  to  the  larger  dynamic  momentum  aperture  of 
the  Eta- Wave  lattice.  The  lifetime  of  the  Low-Coupling  lat¬ 
tice  is  about  4  hours.  The  reduction  in  lifetime  is  expected 
due  to  the  higher  density  of  the  Low-Coupling  case.  One 
sees  that  the  High-Coupling  case  is  much  more  sensitive  to 
the  position  of  the  scraper  and  the  Low-Coupling  case  is  the 
least  sensitive.  In  fact  in  the  Low-Coupling  case  the  life¬ 
time  is  only  impacted  by  the  scraper  at  scraper  values  less 
than  2  mm.  Also  the  Eta- Wave  case  is  much  less  sensitive 
to  the  position  of  the  scrapers.  Earlier  theoretical  studies  of 
the  Swiss  Light  Source  [4]  showed  similar  dependencies. 

Analysis 

In  the  ALS  the  lifetime  is  strongly  limited  by  Touschek 
scattering.  After  a  particle  is  scattered,  the  energy  of  the 
particle  changes.  If  this  happens  in  a  region  of  nonzero 
dispersion  the  energy  change  results  in  a  horizontal  oscil¬ 
lation.  This  can  then  result  in  an  increase  in  the  vertical 
motion  through  resonance  excitation  and  particle  diffusion. 
If  the  vertical  motion  is  large  enough,  the  particle  will  col¬ 
lide  with  the  chamber.  An  illustration  of  this  process  is  seen 
in  Fig.  2  where  a  particle  is  launched  with  an  initial  offset 
of  12  mm  horizontally,  1  mm  vertically,  and  an  energy  off¬ 
set  of  8  =  2%  and  tracked  tum-by-tum  with  synchrotron 
oscillations  and  damping.  In  the  figure  one  sees  periods  of 
rapid  growth  to  large  vertical  amplitudes.  At  one  point  the 
particle  reaches  an  amplitude  larger  than  4  mm  which  is 
the  size  of  the  vacuum  chamber.  To  calculate  the  momen¬ 
tum  aperture  it  is  necessary  to  know  how  much  energy  can 
that  particle  gain  or  lose  and  still  remain  in  the  ring  after  a 
particle  undergoes  a  Touschek  scattering. 

Another  way  [1,  5]  to  illustrate  the  effect  of  Touschek 
scattering  is  to  plot  the  Amplitude  versus  energy  at  one 
point  in  the  ring  (e.g.  the  injection  point)  for  a  particle  scat¬ 
tered  at  some  point  s  in  the  ring.  This  is  shown  in  Fig.  2 
If  the  particle  changes  energy  it  will  increase  its  ampli- 
tude.  At  the  injection  point  the  induced  amplitude  would  be 

yffynj)  $  where  H  —  'yq2  -f  2aqqf  -f  Prf2.  Next  the  parti¬ 
cle  will  undergo  synchrotron  oscillations  and  slowly  damp 
back  to  zero.  During  this  time  the  particle  may  encounter 
a  region  of  large  diffusion  causing  the  particle  to  become 
lost.  To  predict  the  size  of  the  momentum  aperture,  it  is 
necessary  to  map  out  all  the  regions  that  the  particle  may 
encounter  after  a  given  energy  and  amplitude  change  and 
to  determine  the  largest  energy  change  where  no  danger¬ 
ous  regions  are  encountered. 

In  order  to  understand  the  difference  in  the  three  cases, 
simulations  were  made  on  models  fitted  with  measured  re¬ 
sponse  matrices  [6,  7].  Using  the  fitted  models  the  parti¬ 
cles  were  tracked  using  a  symplectic  integrator  [8,  9].  In 
addition  we  used  a  post  processor  [10]  to  compute  the  fre¬ 
quency  maps.  Because  we  were  interested  in  the  Touschek 
lifetime  particles  were  launched  at  the  injection  point  with 
various  different  initial  amplitudes  in  x  and  8,  and  a  small 
fixed  vertical  amplitude  in  y  of  0.05  mm  and  tracked  with- 


Figure  2:  Simulation  of  the  horizontal  (top),  vertical  (mid¬ 
dle),  and  longitudinal  (bottom),  position  versus  turn  num¬ 
ber  of  a  particle  which  was  launched  with  initial  coordinate 
of  x  =  12mm,  y  =  1mm,  and  8  =  2%. 


out  synchrotron  oscillations  or  damping  for  1024  turns  or 
until  lost.  A  ±  4mm  aperture  was  included  in  the  simula¬ 
tion. 

In  Fig.  4  the  initial  coordinates  of  the  particles  that  sur¬ 
vived  are  plotted  for  all  three  cases.  All  initial  conditions 
that  survived  are  plotted  in  color  and  those  that  did  not  are 
not  plotted.  The  color  indicates  the  maximum  vertical  am¬ 
plitude  that  a  particle  reached  in  the  1024  turns.  Red  cor¬ 
responds  to  4  mm,  yellow  to  2.5  mm  and  blue  is  less  than 
one  mm.  Also  on  the  plot  the  induced  amplitudes  are  plot¬ 
ted  as  red  lines.  In  each  plot  there  are  two  sets  of  red  lines. 
The  steeper  ones  correspond  to  the  induced  amplitude  for 
particles  that  get  scattered  in  the  arcs  and  the  flatter  lines 
correspond  to  particles  that  get  scattered  in  the  straight  [1]. 

What  determines  the  momentum  aperture  in  the  arcs  and 
the  straights  is  the  maximum  area  inside  the  lines  in  where 
the  motion  can  stably  damp  back  to  the  closed  orbit.  One 
sees  that  the  High-Coupling  case  in  Fig.  4,  is  very  different 
from  the  other  two.  In  particular  there  is  a  loss  region  near 
8  =  0.02  which  in  the  High-Coupling  case  is  wider  and 
collapses  rapidly  if  we  limit  the  aperture.  If  one  decreases 
the  aperture  from  4  mm  to  3  mm  for  instance,  the  maximum 
5  reduces  to  about  0.018  due  to  this  region.  However  this 
region  does  not  strongly  effect  the  other  two  cases  until  one 
reduces  the  gap  further  to  about  2  mm.  Also  on  the  negative 
8  the  aperture  is  reduced  with  respect  to  the  other  two  cases 
from  about  0.024  to  0.022  at  4mm  for  particles  scattered  in 
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Figure  3:  Particle  motion  in  Amplitude  (left)  and  Fre¬ 
quency  space  (right)  after  undergoing  Touschek  scattering 

the  arcs  and  that  boundary  is  more  sensitive  to  reducing 
the  vertical  aperture  than  the  other  two  cases.  In  the  High- 
Coupling  case,  the  aperture  starts  to  further  reduce  for  a 
vertical  aperture  of  about  2  mm  whereas  it  reduces  at  1  mm 
for  the  other  two  cases. 

Using  a  frequency  analysis  post  processor,  we  then  can 
determine  what  is  the  cause.  In  all  cases  the  region  at 
S  =  0.02  is  determined  by  the  linear  coupling  resonance 
which  is  more  dangerous  for  the  High-Coupling  case.  On 
the  negative  6  side  the  restriction  are  a  number  of  reso¬ 
nances  intersecting  near  vx  ~  14.15  and  vy  =  8.075 
with  the  third  order  coupling  resonance  vx  —  2vy  —  —  2. 
Again  the  effect  of  these  resonances  as  a  function  of  gap  is 
stronger  for  the  High-Coupling  case. 

SUMMARY 

These  studies  show  that  one  can  minimize  the  reduction 
of  lifetime  with  vertical  gap  by  controlling  the  beamsize 
with  vertical  dispersion  rather  than  exciting  the  linear  cou¬ 
pling  resonance.  With  the  Low-Coupling  and  Eta- Wave 
cases  it  is  possible  to  reduce  the  half  gap  to  2.5  mm  with¬ 
out  impacting  the  lifetime.  There  is  good  agreement  of  the 
measured  lifetime  versus  vertical  gap  and  tracking  studies. 
Frequency  analysis  of  the  tracking  data  suggests  that  the 
reduction  of  lifetime  with  gap  in  the  High-Coupling  case 
is  due  to  strong  excitation  of  linear  and  nonlinear  coupling 
resonances. 
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Abstract 

At  the  Advanced  Light  Source  there  are  several  projects 
being  proposed  that  will  require  high  field  insertion  de¬ 
vices.  It  is  important  that  these  devices  do  not  signifi¬ 
cantly  impact  the  performance  of  the  machine.  In  particular 
they  should  not  degrade  the  beam  lifetime  or  injection  effi¬ 
ciency.  It  is  known  that  high  field  devices  with  large  field 
roll  off  can  impact  the  beam  lifetime.  It  is  therefore  impor¬ 
tant  to  model  the  effect  of  the  insertion  devices  including 
both  transverse  and  longitudinal  field  roll  off.  In  this  paper 
we  present  the  result  of  tracking  studies  using  an  explicit 
symplectic  integrator  with  both  transverse  and  longitudinal 
field  roll  off.  The  simulations  show  where  sufficiently  large 
field  roll  off  will  impact  the  beam  lifetime. 

INTRODUCTION 

Due  to  the  ever  increasing  number  of  insertion  devices 
used  in  light  sources,  the  impact  of  their  presence  on  the 
beam  dynamics  becomes  more  and  more  of  an  issue.  The 
problem  is  made  more  pronounced  by  the  higher  magnetic 
field  and  smaller  gap  of  the  up  coming  devices.  Most  exist¬ 
ing  insertion  devices  affect  the  beam  mainly  through  linear 
focusing  in  the  vertical  plane.  The  change  of  phase  advance 
between  nonlinear  elements  (primarily  sextupoles)  causes 
change  in  the  strengths  of  resonances  excited.  As  a  result, 
both  injection  efficiency  and  beam  lifetime  can  be  affected. 
Recent  experience  at  SSRL  shows  that  the  octupole  like 
component  generated  by  the  horizontal  roll  off  of  the  field 
can  have  dramatic  effects  on  the  beam  dynamics  [1].  Since 
then  the  issue  of  horizontal  field  roll  off  has  attracted  more 
attention  both  from  accelerator  physicists  and  magnet  de¬ 
signers. 

The  Femtoslicing  project,  currently  under  construction 
at  the  Advanced  Light  Source  (ALS),  requires  two  new 
insertion  devices  to  be  incorporated  into  the  storage  ring 
[2],  One  of  the  design  criteria  is  that  the  device  should  be 
’’transparent”  from  the  point  of  view  of  the  beam.  With 
no  exception,  the  effect  of  the  horizontal  field  roll  off  is 
the  main  question  to  be  answered.  The  most  economical 
way  to  answer  this  question  and  optimize  the  design  is  to 
develop  simulation  tools  that  takes  into  account  all  impor¬ 
tant  effects  of  the  insertion  device  on  the  beam  dynamics. 
To  this  end,  a  symplectic  integrator  developed  recently  is 
adopted  [3].  Together  with  an  adequate  field  model  and 
existing  tools  such  as  frequency  map  analysis,  the  designs 
of  both  insertion  devices  have  been  validated  by  the  simu- 
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lation  results.  Furthermore,  a  case  that  horizontal  signifi¬ 
cantly  reduced  dynamic  aperture  has  been  identified. 

Following  the  introduction,  we  outline  the  setup  of  the 
simulation  tools  and  the  approach  we  take  to  study  beam 
dynamics  at  the  ALS.  The  simulation  results  are  shown  in 
the  following  section.  Summary  and  acknowledgment  are 
presented  in  the  last  section. 

SIMULATION  TOOLS 

Over  the  years,  frequency  map  analysis  has  been  applied 
to  the  ALS  and  hence  been  verified  by  experimental  data 
[4, 5].  As  a  result,  frequency  map  analysis  has  become  one 
of  the  standard  tools  for  simulations  on  single  particle  dy¬ 
namics.  Until  recently,  the  insertion  devices  has  been  mod¬ 
eled  as  a  sequence  of  alternating  dipole  magnets,  where 
the  effect  of  the  horizontal  field  roll  off  is  not  taken  into 
account.  As  mentioned  in  the  previous  section,  it  is  neces¬ 
sary  to  include  this  effect  in  the  model  if  the  design  of  an 
insertion  device  is  to  be  validated  before  procurement  or¬ 
der  is  placed.  The  newly  developed  symplectic  integrator 
for  insertion  devices  meets  the  demand  perfectly  [3].  The 
main  assumption  of  the  model  is  the  paraxial  approxima¬ 
tion,  which  leads  to  a  Hamiltonian  that  can  be  separated 
into  solvable  parts.  It  has  been  implemented  in  the  code 
PTC  [6]  using  the  harmonic  representation  of  the  field. 

In  order  to  take  advantage  of  the  existing  model  quickly, 
the  lattice  of  the  ALS  storage  ring  was  imported  into  the 
code  PTC  and  the  frequency  map  analysis  was  performed 
separately.  Since  most  of  the  simulation  tools  are  integrated 
in  the  MATLAB  environment,  the  symplectic  integrator  in 
PTC  was  soon  rewritten  in  C  and  incorporated  into  the 
MATLAB  based  code  Accelerator  Toolbox  [7].  This  al¬ 
lowed  us  to  add  the  new  model  of  insertion  devices  directly 
to  the  existing  infrastructure  that  does  the  tracking  and  the 
frequency  map  analysis  in  a  integrated  way.  Comparison 
between  the  two  versions  of  the  model  showed  agreement 
up  to  the  machine  precision. 

SIMULATION  RESULTS 

As  mentioned  in  the  introduction,  two  new  insertion  de¬ 
vices  will  be  built  for  the  Femtosclicing  project.  One  is 
a  wiggler  with  the  period  of  11.4  cm  and  the  peak  field 
of  1.9  T  (named  Wll),  placing  an  existing  wiggler  with 
the  period  of  16  cm  (W16).  The  other  one  is  an  undulator 
whose  period  is  3  cm  and  peak  field  is  1.5  T  (U3).  Based 
on  the  success  of  W16  at  the  ALS  and  the  lesson  of  the 
BL1 1  wiggler  at  SPEAR,  the  designers  of  these  new  inser¬ 
tion  devices  sought  to  keep  the  horizontal  roll  off  small, 
as  shown  in  Figure  1.  The  goal  of  the  simulation  is  to  de- 
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cide  whether  these  insertion  devices  significantly  affect  the 
beam  dynamics  and,  if  not,  what  is  the  safety  margin  of  the 
designs. 


x  [cm] 

Figure  1 :  Horizontal  field  roll  off  of  various  insertion  de¬ 
vices 

The  simulations  are  done  using  a  lattice  that  is  close  to 
normal  operating  conditions.  Random  gradient  errors  are 
introduced  to  mimic  errors  in  the  real  machine.  Random 
skew  quadrupole  errors  are  used  to  reproduce  ~2%  cou¬ 
pling  which  is  the  way  to  maintain  desired  beam  lifetime 
during  user  operations.  Physical  apertures,  ±30  mm  hor¬ 
izontally  and  ±4  mm  vertically,  are  placed  at  the  center 
of  the  injection  straight  and  those  of  the  insertion  devices. 
Beta  beating  induced  by  the  insertion  devices  is  largely 
compensated  by  two  families  of  quadrupoles  nearby.  In 
case  of  U3,  two  families  of  skew  quadrupoles  are  adjusted 
to  produce  the  vertical  dispersion  bump  required  during  the 
operation  of  the  Femtosciling  beamline  [2].  The  horizon¬ 
tal  and  vertical  tunes  are  14.25  and  8.20,  respectively;  the 
horizontal  and  vertical  chromaticities  are  0.4  and  1.4.  In 
order  to  perform  frequency  map  analysis,  both  synchrotron 
radiation  and  synchrotron  oscillations  are  off. 

Both  longitudinal  and  horizontal  roll  off  are  modeled  by 
a  Fourier  series  with  only  one  harmonic  (Fig.  2).  It  is  also 
clear  that  the  vertical  roll  off  is  more  severe  than  the  real 
field  which  makes  the  simulation  more  pessimistic  than  re¬ 
ality.  Since  k%  =  k*  +  k\  and  kz  »  kXi  the  vertical  roll 
off  is  dominated  by  the  longitudinal  roll  off.  When  8  har¬ 
monics  are  used  to  model  the  longitudinal  roll  off,  relative 
error  of  the  vertical  roll  off  is  below  3E-4  up  to  4  mm.  As  a 
benchmark,  this  model  of  8  harmonics  (fitted  to  the  data  of 
W1 1)  was  used  once  in  the  simulation  and  no  appreciable 
difference  in  the  beam  dynamics  was  found.  Since  U3  has  a 
much  shorter  period,  the  difference  should  be  even  smaller. 
Figure  3  and  4  show  the  effect  of  Wll  on  the  beam  dy¬ 
namics.  On-momentum  frequency  map  analysis  shows  the 
dynamic  aperture,  which  is  important  for  injection.  In  case 
of  ALS,  injection  orbit  is  about  8  mm  off  the  design  orbit 
horizontally.  Figure  3  shows  that  the  presence  of  W1 1  will 
not  affect  injection  efficiency.  Off-momentum  frequency 
map  analysis  shows  the  momentum  acceptance,  hence  the 
beam  lifetime,  because  beam  lifetime  is  mainly  determined 


Figure  2:  One  harmonic  field  model  for  Wll.  The  model 
for  U3  looks  qualitatively  the  same. 


by  Touschek  scattering  [2].  Figure  4  shows  that  momen¬ 
tum  aperture  is  slightly  worse  with  W1 1  on.  Simulation  of 
Wll  with  no  horizontal  roll  off  shows  the  same  reduction 
in  momentum. 

In  order  to  decide  the  safety  margin  of  the  horizontal  roll 
off,  several  cases  were  studied  with  different  kx.  No  dif¬ 
ference  was  found  between  the  nominal  case  which  kx  — 
6.3  nr1  and  the  ones  that  kx  =  7  m'1  and  8  nr1,  respec¬ 
tively.  When  kx  is  set  to  be  35  m"1,  comparable  to  that  of 
BL1 1  (Fig.  1),  dynamic  aperture  is  reduced  to  about  6  mm 
(see  Fig.  5). 

Similar  studies  were  done  on  the  impact  of  U3.  Even 
more  so,  the  effect  of  the  insertion  device  on  the  beam  dy¬ 
namics  is  hardly  detectable. 
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x  position  [mm]  (injection  straight) 


x  position  [mm]  (injection  straight) 


Figure  3:  On-momentum  frequency  map  analysis  with  the 
wiggler  on  (top  plot)  or  off  (bottom  plot) 

SUMMARY 

A  newly  developed  symplectic  model  for  insertion  de¬ 
vices  has  been  used  in  studying  beam  dynamics  issues. 
This  model  was  successfully  rewritten  in  C  and  integrated 
into  the  existing  MATLAB  based  simulation  tools.  Design 
of  two  upcoming  insertion  devices  were  evaluated  and  vali¬ 
dated  from  the  beam  dynamics  point  of  view.  A  by-product 
of  the  study  is  that  a  rather  straightforward  way  of  model¬ 
ing  the  field  of  planer  insertion  devices  was  found.  Both 
the  longitudinal  and  the  horizontal  roll  off  are  fitted  by  a 
Fourier  series.  The  product  of  the  two  serieses  represents 
the  field  in  the  midplane.  Using  the  standard  harmonic  rep¬ 
resentation,  the  off-plane  expansion  is  done  through  the  re¬ 
lation  ky^  =  k^t  +  k2zj .  The  result  is  that,  for  W 1 1 ,  the  error 
is  below  30  Gauss  at  x  =  2  cm  and  y  =  4  mm. 

The  authors  would  like  to  thank  S.  Marks  and  S.  Preste- 
mon  for  providing  field  data  and  S.  Marks,  S.  Prestemon, 
R.  Schlueter  and  R.  Schoenlein  for  stimulating  discussions. 
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Abstract 

We  consider  the  trajectory  of  a  charged  particle  in  an 
arbitrary  external  magnetic  field.  A  local  orthogonal  co¬ 
ordinate  system  is  given  by  the  tangential,  curvature,  and 
torsion  vectors.  We  write  down  Maxwell’s  equations  in 
this  coordinate  system.  The  resulting  partial  differential 
equations  for  the  magnetic  fields  fix  conditions  among  its 
local  multipole  components,  which  can  be  viewed  as  agen- 
eralization  of  the  usual  multipol  expansion  of  the  fields  of 
magnetic  elements. 

MOTIVATION 

The  problem  at  hand  came  about  while  implementing  a 
generalized  co-moving  coordinate  system  in  TraFiC4  [1], 
which,  in  the  generalized  case,  is  curvilinear  and  non- 
orthogonal. 

The  usual  approach  to  describing  the  field  content  of 
magnetic  elements  in  accelerator  physics  is  the  expansion 
in  multipoles.  This  is  based  on  the  fact  that  the  magnetic 
field  in  vacuum  can  be  derived  from  a  potential  obeying 
Laplace’s  equation;  assuming  a  symmetry  along  one  axis, 
it  reduces  to  the  two-dimensional  Laplace  equation,  which 
is  solved  by  analytic  functions  of  a  complex  variable. 

Strictly  speaking,  this  approach  is  only  admissible  in 
straight  section,  where  the  co-moving  coordinate  system 
is  cartesian.  In  curved  sections,  one  has  to  use  curvilinear 
coordinates,  and  the  Laplace  operator  changes  its  shape, 
leading  to  a  different  set  of  solutions. 

Furthermore,  the  transformation  to  curvilinear  changes 
the  equation  of  motion,  introducing  inertial  forces. 

In  this  paper,  we  write  down  the  Maxwell-Lorentz  equa¬ 
tions  for  the  case  of  an  external  purely  magnetic  field  in  a 
coordinate  system  co-moving  on  the  orbit  induced  by  the 
external  field.  We  describe  that  orbit  in  terms  of  its  local 
curvature  and  torsion;  the  Laplace  and  Lorentz  equations 
are  given  to  all  orders  in  this  frame,  Laplace’s  equation  is 
solved  for  two  special  cases. 

FRENET-SERRET  COORDINATES 

We  consider  the  orbit  particle  in  the  usual  description 
of  an  accelerator.  Ignoring  energy  changes,  its  trajectory 
is  completely  determined  by  its  initial  conditions  and  the 
external  magnetic  field. 

We  use  the  arc  length  s  to  parametrize  its  trajectory  f(s). 
Then,  we  define  the  usual  local  dreibein  by  the  Frenet  field 

*  Work  supported  by  Department  of  Energy  contract  DE-AC03- 
76SF00515. 


frame: 

Es  :=  t(s)  —  r'(s) 

Ex  H(s)  -  i?(s) 

Ey  b(s)  =  f(s)  x  n(s) 

where  k  is  the  curvature.  We  also  introduce  the  torsion 
w  —  p-  f",  rf,f) 

We  express^  all  quantities  in  the  coordinate  system 
spanned  by  Ei,  i.e.  a  vector  R  is  decomposed  as 
i?(s,  x ,  y)  -  f(s)  +  xft(s)  +  yb(s ). 

The  magnetic  field  is  scaled  such  that 

?  =  ?x  B 

i.  e.,  we  absorb  charge  and  energy  into  the  field. 

After  some  algebra,  we  find 

By  =  ~k 

Bs  =  -w  (1) 

Bx  =  0 

where  the  index  labels  components  with  respect  to  E{  and 
barred  quantities  are  values  on  the  trajectory. 

THE  EQUATIONS  OF  MOTION 

We  now  look  at  a  particle  with  trajectory  x(t)  - 
%(t)n(s(t))+y(t)b(s(t))+r(s(t)),  where  the  coordinate  s 
is  implicitly  defined  by  t(s(t))  •  (r(s(f))  -  £(£))  =  0.  The 
equations  of  motion  for  the  coordinates  x ,  y,  s  read: 

x  =  vx  H-  yws 
y  =  vy  -  xws 

1  —  kx 
and 

®  =  ax+  #(s2(in2  +  A;2))  +  2 yws-\-  yws-\-  ( ywf —  k)s 2 
y  =  ay-  2 xws  +  yw2s 2  -  xw's2  ~  xws 
„  _  as  -h  2 xks  +  (xk'  —  ywk)s2 
1  —  kx 

where  Vi  and  a*  are  the  components  of  the  particle’s  veloc¬ 
ity  and  external  acceleration. 
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Putting  in  the  Lorentz  equation  with  magnetic  fields  Bit 
we  have 

ax  =  {y  +  xws)vBs  -  s(  1  -  kx)vBy 
ay  =  (1  -  kx)vBx  -  (x  -  yws)vBs 
as  =  (x  -  yws)vBy  -  (y  +  xws)vBx 

where  v  =  The  expressions  for  the  second  deriva¬ 

tives  of  the  coordinates  contain  centrifugal  (proportional  to 
x ,  y)  and  Coriolis  (proportional  to  x,  y,  s )  and  higher-order 
terms.  They  reduced  to  small  quantities  (0(v— vs),  0(kx)) 
by  the  Lorentz  force  for  the  values  given  in  (1). 

THE  OFF-ORBIT  MAGNETIC  FIELD 

We  are  now  interested  in  the  external  components  of  the 
acceleration.  They  are  given  by  the  external  magnetic  field; 
they  can,  however,  not  be  arbitrary  as  the  magnetic  field  has 
to  fulfill  Maxwell’s  equations.  To  find  the  conditions  for 
bx,by,bSf  we  write  down  the  metric  tensor  for  the  curvilin¬ 
ear  coordinate  system  defined  above: 

r  h2  +  w2  ( x 2  +  y 2)  —  wy  wx ' 

9ik  =  -wy  1  0 

wx  0  1 

u  1  ik 

(where  x\  —  s,  X2  =  x,  xs  =  y  and  h  =  1  —  k(s)x)  with 
detg  =  (1  —  for)2 

The  inverse  is 

r  1  wy  —wx 

glk  —  h~2  wy  h 2  +  w2y2  —w2xy 

,-wx  —w2xy  h2  +  w2x2 

The  coordinate  region  we  are  interested  is  free  of  cur¬ 
rents,  so  the  magnetic  field  is  the  gradient  of  a  potential  3> 
with  =  0.  We  express  Laplace’s  operator  in  curvilin¬ 
ear  coordinates;  we  find  the  following  Laplace  operators 
for  the  cases  of  vanishing  torsion  and  constant  curvature; 
constant  curvature  and  torsion;  and  arbitrary  curvature  and 
torsion,  resp.: 


so  $  has  to  fulfill  the  conditions 

ds<&  =  -w 
dx$  =  0 
dy$  =  -k 

at  the  origin  of  the  local  system. 

Obviously,  the  usual  analyticity  property  of  the  solutions 
is  lost  for  nonvanishing  curvature. 

Constant  Curvature 

Let  us  solve  the  constant  curvature  case  first.  We  notice 
that  the  partial  differential  equation  separates,  i.  e. 

We  notice  that  ip(s)  =  const  because  of  the  vanishing 
torsion  of  the  orbit.  ipy(y)  has  to  be  a  function  fulfilling 

1>'y(v)  =  M/(2/) 

and 

(1  -  kx)tpx(x)  -  /x(l  -  kx)ipx(x)  -  i)'x(x)  =  0 

which  is  solved  by  Bessel  functions 


'iftx  =  Cl  Jo 
so 


~J^(1  ~kx^  )+C2y0 


V(s,x,y)  =  J d/x(ci yV(n)e  w  +  c2,y(p)ew) 


This,  of  course,  is  just  the  well-known  radial  solution  of 
Laplace’s  equation  in  cylinder  coordinates  [2]. 


Constant  Curvature  and  Torsion 


Ak,o  =  h~2a2  +  a2  +  d2-  k/hdx 

A^o  ~\~  xh  k  (s)<9s 

A ktw  —  Afcj0  +  wh~ 3  (2 [ky  +  h(ydx  -  xdy)]ds  + 
wl~ydy  +  h{x2dl  -  2 xydxdy  +  y2d2)}) 

A fc(s),Tu(s)  ~  A k,w(s)  “b  mb,  k  (s)<95  (2) 

Note  that  the  s  derivative  of  the  torsion  does  not  enter  the 
equations. 

The  magnetic  field  is 

Bl  =  gikdk$ 


This  case  corresponds  to  an  infinitely  extending  helical 
orbit.  The  differential  equation  is  given  by  line  2  of  (2). 
We  make  a  separation  Ansatz  ^(s,  x,  y)  =  -ws  +  (p(x ,  y ). 
The  resulting  differential  equation  for  <p  reads 

(d2  +  d2  -  k/hdx+ 

w2h~ 3  (2 [h(xdy  -  ydx)  -  ky]+ 
h(x2d2  -  2 xydxdy  +  y2d2)))  <p{x,y)  =  0 

This  equation  is  not  solvable  in  closed  form  (the  coordi¬ 
nate  system  is  not  one  of  the  ones  in  which  the  Laplace 
equation  is  known  to  be  separable [2]),  we  can,  however, 
obtain  a  recursion  relation  for  coefficients  in  a  power  series 
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y)  —  am,nXmyn ■  After  some  tedious  work, 

one  obtains 

am-3,n+2k{w2  +  k2){n  +  l)(n  +  2)+ 

-  Om-2,2 +n(^2  +  3fc2)(n  +  l)(n  +  2)+ 

“  am_itnfc  (  k2(rn  -  l)2  +  w2(m  -  l)(2n  +  1))  + 

3  Gm_ i,2+n^  (n2  +  3  71  +  2)  + 

(fc2(-3m2  +  2m)  -f  w2(m  +  n  +  2 nm))  + 

“  Gm,2_j_n(7l  “I-  2)(7i  +  1)+ 
Ol+ml-2+n^2  (m2  ~  l)  + 
al+m,n^(3m  -f-  l)(m  4-  1)  + 

-  a2+m-2+nW2 +  1  )(m  +  2)+ 

-  a2+m,n(m  +  l)(m  +  2)  =  -2^2^m,0^>i  (3) 

where  the  rhs  term  comes  from  the  separation  Ansatz.  The 
inital  conditions  are  ao,o  =  0  (a  global  gauge  fixing), 
ai,o  =  0,  ao,i  =  —k.  Note  that  there  are  special  cases 
of  the  recursion  relation  for  m  <  3  or  n  <  3,  they  are 
(using  the  initial  conditions) 

G2,0  +  Go, 2  = 

kaXyX  -  2a2,i  -  6a0,3  +  w2k  = 

-  2ai,2  +  Ska2yo  —  6a3,o  +  6fcao,2  = 

4^2ai,i  +  18fca0,3  +  8fca2)i  -  6a3)1  -  2k2aXyX  -  6ai>3  = 

—  6fc2ao)2  +  6kaXy2  —  12a4jo  —  2w2ao}2~ 
10fc2a2)o  +  2tn2a2)o  —  2a2)2  -f  21fca3)o  = 

-  3kw2aitl  -  18 k2a0>z  +  21&a3,i  ~  6w2a0,3- 
\2a$i\Jr7w  g2,i  — lOfc  g2ji— 6a2, 3+^01^1+18^01,3  =  0 

and,  forp  >  0 

w  pao,i+p  ~  kw  ai,_i+p  +  kaX)X+p  +  tu2ao,i+p— 
fioo)3+p— 5ao,3+pp— Oo,3+pp2— 2w2a2|_i^_p— 2a2)i_|_p  =  0 

3w2pai,i+p  +  18fca0)3+p  +  15fca0,3+pP  +  3fcao,3+pZ>24- 

8fca2ii+p  -  6ai,3_(_p  -  5ai,3+pp  -  ai)3+pp2- 

6a3,i+p  +  4w2a1]1+p  -  6tu2a3  _i+p  -  2k2a1)X+p  =  0 

-  2 kvPpaii+p  ~  5tw2a0j3+pp  -  w2a0,3+PP2+ 
3fcaii3+pp2  +  15fcai,3+pp  -  15fc2a0l3+pP  -  3fc2a0)3+pP2+ 

5 w2pa2,i+p  -  3 kw2aXyX+p  +  3kw2a3^1+p  -  a2j3+pP2- 
5a2,3 +PP  -  6w2a0j3+p  -  10fc2a2)1+p  +  21fca3>i_f_p+ 
18fcai,3+p  +  7w2a2>x+p  +  k3aiti+p— 

18 k2a0)3+p  -  6 a2i3+p  -  12w2a4  ,-i+p  -  12a4,i+p  =  0 


and 

—  kw2pax+PiQ  4-  A:3ai+p,op2  +  w2a2+pjop+ 
16fca3+p)Qp  +  3fca3+pj0p2  -  kw2ax+P}0  +  2k3pax+Pi0+ 
2kw2a-X+Pi2  —  3p2/c2a2+p>0  —  G4+p)0p2  -  7a4+p,op- 

2 w  aPt2  -h  6fcai+p(2  10A;  fl2+P,o  fi^2Gp,2  —  12<24_|_p>q-|- 

2u;2a2+p>0  +  fc3ai+pj0  +  2k3a^x+P}2  +  21fca3+p)0- 
11  A;  po2-(-p, 0  2a2+pj2  =  0 

—3kw2pax+P)X+l6kas+P)Xp—3kw2ax+P}X+2k3pax+PiX— 

11  k  Pa2-\-Pii~ 3p  k  a2+pii+6to2a_i+p)3+fc3ai+p,ip2+ 
3w2a2+p,ip  +  3fca3+p,ip2  -  a4+p>1p2  -  7a4+P)1p+ 
lSka1+Pi3  -  6w2aPi3  +  6fc3a_i+pj3  -  10fc2a2+p>1+ 

k  Gi-j-p,!  —  12a4+P)i  —  18fc2flp  3~|- 

21fca3+p,i  +  7iy2a2+Pti  -  6a2+Pj3  =  0 
-  3kw2aXyX  -  18fc2a0,3  +  21fca3,i  -  6u;2o0,3  -  12o4>i+ 
7w2a2>1  -  lOk2a2iX  -  6a2j3+ 

^3Oi,i  +  18A;ai,3  =  0 

(3)  can  be  viewed  as  a  generalization  of  the  multipole 
Ansatz  for  helical  orbits.  Of  course,  setting  w  =  k  =  0 
we  obtain  the  recursion  relation  valid  for  harmonic  func¬ 
tions  in  x,y,  namely  (n+  l)(n+2)am,2+n  +  (m  +  l)(m  + 
2)o2+m,n  =  0 

.  Obviously,  the  complexity  of  the  power  series  prescrip¬ 
tion  limits  its  usefulness. 

Planar  Vndulator 

Here,  we  have  vanishing  torsion  and  a  periodic  curvature 
k(s)  =  «exp(-»Aa).  We  substitute  k(s)  for  s  and  obtain, 
after  separating  off  the  harmonic  y  dependence  as  d2ip  = 
—pip,  where  p  =  0  due  to  the  boundary  condition  w  =  0 

(-A  2k(dk  +  hkdl)  +  h2dxhdx)ip{k ,  x)  =  0  (4) 

Again,  a  solution  is  only  possible  in  terms  of  a  power  se¬ 
ries  in  terms  of  x  and  k,  similiar  as  above.  We  obtain  the 
recursion  relation 

Gm— I,n— 3(m  -  l)2  -  am_1,n_1A2(n  -  l)(n  -  2)- 
Gm,n— 2^G(3m  —  1)  -j-  A2<2m,nn2-b 
Gm+l,n— i(3m  +  l)(m  -j- 1)  — 

Gm_|_2,n(^G  ~h  l)(m  +  2)  =  0  (5) 

,  as  well  as  special  cases  for  small  m,  n  and  for  initial  con¬ 
ditions,  which  will  not  be  given  here  for  lack  of  space. 
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GLOBAL  BEAM-BASED  ALIGNMENT  METHOD 


A.  Terebilo,  SLAC,  2575  Sand  Hill  Rd.  Menlo  Park,  CA  94025  USA 


Abstract 

This  paper  presents  an  algorithm  for  orbit  centering  in 
the  quadrupole  magnets  developed  specifically  for  the 
early  commissioning  stage  of  SPEAR3  light  source. 
During  commissioning  many  factors  can  reduce  the 
effectiveness  of  simpler  beam-based  alignment 
techniques.  Our  method  is  more  tolerant  towards 
inaccurate  optics  model,  undetected  large  alignment 
errors,  systematic  errors  and  faults  in  the  BPM  system. 

INTRODUCTION 

Beam  Based  Alignment  (BBA)  techniques  estimate  the 
beam  offsets  with  respect  to  the  centers  of  magnets,  most 
commonly  quadrapoles,  in  an  accelerator  lattice.  BBA 
uses  measured  changes  in  the  beam  position  in  response 
to  static  changes  or  periodic  modulation  of  magnet 
strength.  The  two  well-known  approaches  to  BBA  are: 
model-based  and  empirical  zero-response  search. 
Model-based  techniques  are  prone  to  error  due  to  the 
difference  in  the  optics  of  the  used  model  and  the  real 
machine.  This  difference  is  caused  in  part  by  the  unknown 
orbit  offsets  in  sextupole  magnets,  which  creates  normal 
and  skew  quadrupole  terms  not  accounted  for  in  the 
model.  The  method  proposed  here  greatly  improves  the 
model-based  approach  by  extracting  additional 
information  about  the  optics  distortion  from  the  same 
orbit  response  data. 


METHOD 

The  method  is  based  on  finding  an  equivalent 
(computer)  model  of  a  storage  ring  that  produces  the  same 
orbit  shifts  in  response  to  physical  quadrupole  shift  and 
tilt  as  the  machine  in  response  to  a  change  in  the 
quadrupole  strength. 

Analytical  solution 

Using  the  analytical  results  and  notation  of  [1]  the  shift 
in  the  closed  orbit  around  the  ring 

Sxs  ={&c  &c  8y  Sy')T  as  a  result  of  changing  the 
strength  Ak  of  one  quadrupole  is: 

8Zs=M^m[l-MmY8Kxm  (i) 

Where  Mm  is  the  one  turn  transfer  matrix.  Subscript  m 
denotes  quantities  at  the  midpoint  of  the  quadrupole. 
is  the  transfer  matrix  to  a  location  s  in  the  ring. 

Vector  Axm  =  (Axm  Ax'm  Aym  Ay'm  f  describes  the 

transverse  position  and  angle  orbit  offset  with  respect  to 
the  quadrupole  center. 


0 


S=AJct\ 


0 

0 


0  0 
0  0 
0  -<7„+ 


(2) 


Assuming  a  horizontally  focusing  quadrupole,  positive  k 


±  _/Vfc±sin(/Vfc)  ±_/Vfc±sinh(/V/:) 
2l4k  ’  ~  21 4k 


(3) 


The  interpretation  of  (1)  is  particularly  simple  when  there 
is  no  coupling  between  x  and  y  planes.  In  the  uncoupled 
case  for  the  horizontal  shift 


Sxs=SX+V\ 


(4) 


Transverse  offset  Ax  gives  rise  to  the  first  term,  which  is  a 
familiar  orbit  perturbation  due  to  a  dipole  error: 


COS 


-Jtv) 


2sin(w) 


(5) 


Angular  offset  Ax  *  generates  the  second  term: 

CA_  [W am  c°s(i A0*_m | - «v)-sin(j \-ttv) 

‘  2sinM  (6) 


dm  =-M/<r+ Axm  Am  Ax'm  (7) 

k 

Equivalent  model 

It  is  possible  to  approximate  the  Ak  response  of  a  real 
storage  ring  as  an  orbit  change  in  an  equivalent  model.  In 
order  to  show  this,  we  examine  the  differential  orbit 
changes  in  response  to  two  types  of  model  perturbations 
that  can  be  easily  implemented  in  most  accelerator  optics 
codes. 

When  a  quadrupole  is  shifted  by  §  in  x,  the  propagation 
of  particle  is  given  by 


fx' 


J 


=  G. 


+  [/-&] 


fP\ 


4  j 


=  G 


,]  +  &>{  (8) 
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Determination  of  offsets 

^  We  write  the  orbit  shift  observed  at  M points  caused  by 
changing  a  single  quadrupole  q  as  a  column  vector 

(10)  Szq  =  (&!  •••  SxM  8yx  •••  SyMJq 

(16) 


The  other  type  of  model  perturbation  involves  derivative 
kicks  of  ±0  at  the  quadrupole  ends.  This  leads  to 


Note  that  the  second  type  of  perturbation  does  not  exactly 
correspond  to  a  physical  tilt  of  the  quadrupole,  only  in  the 
thin  lens  approximation. 

Comparing  (1)  with  the  closed  orbit  solution  for  the 
model 


We  can  minimize  the  difference 


8Z-8Z 


between  the 


measured  SZ  and  the  model  SZ  computed  as 
fit  +4?  +c  Z  (17) 

y  *  y 

u  dz  ,  dZ 

where  — —  and  —  are  computed  differential  shifts 

Vbx,y  U&x  ,y 

from  model  perturbations  (8)  and  &D&(\  1), 

£  and  c  are  free  parameters, 

8Zn  is  the  measured  dispersion  to  account  for  the  energy 
shifts  associated  with  kicking  the  orbit  transversely. 


=Ms^m[l-Mm]g-1D 


(13) 


where  g  is  the  transfer  matrix  for  one-half  of  the 
quadrupole,  and  observing  that 


g~'D,= 


0  N 

f  i  rr\ 

2yfksin 


l4k 

2 


)) 


2  . 

— 7=sin 

4k 


l4k 


(14) 


V  o  J 

it  is  easy  to  see  that  orbit  shifts  from  perturbations  Dg  and 
D#  are  the  same  as  (5)  and  (6)  when 


In  SPEAR3  optics  the  effect  of  angular  offset  (6)  is  small 
and  the  systematic  error  in  determining  the  position  optics 
by  using 


dz  dz  _ 

+  (18) 

instead  of  (17).  In  this  case  the  error  can  estimated  as 

am  a~  Ax' . 

- - —— —  is  <Xo/o  for  ajj  quadrupojes 

Pmk  a+  Ax 


When  the  above  procedure  is  applied  to  each  quadrupole 
independently  it  will  introduce  systematic  errors  in  the 
determined  offsets  due  to  the  optics  differences  between 
the  real  storage  ring  and  the  model.  It  is  possible  to  avoid 
this  systematic  error  by  turning  the  problem  into  a  least 

squares  minimization  of  SZ  -  8Z  for  all  quadrupoles 
simultaneously  at  the  same  time  varying  the  model 
parameters,  most  importantly  the  quadrupole  and  skew- 
quadrupole  term  in  model  sextupoles. 

We  form  a  vector  of  orbit  shifts  in  response  to  the  changes 
of  Ak  in  all  quadrupoles: 


Sz  = 


‘  SZ  ^ 


ySZN  j 


(19) 
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and  minimize  the  difference  between  the  measured  and 
model  values: 


Sz-SE{0) 


'a r 

K 

Ac 


Norm 

K^SkewJ 


(19) 


where  Z  0  is  a  vector  formed  from  the  zero-iteration 
solutions  of  (18)  for  individual  quadruples.  A  is  the 
design  matrix  of  the  least  squares  problem,  whose 

columns  are  numerical  derivatives  of  SZ  with  respect  to 
varied  parameters: 


Figure  2:  Error  of  the  offset  determination 


af 

*P, 


SIMULATION  RESULTS 

Simulated  BBA  using  the  proposed  method  was  carried 
out  for  SPEAR3.  Realistic  alignment  errors  of  200  pm 
r.m.s.  transverse  shift  and  500  microradian  r.m.s.  roll  in  all 
magnets  were  introduced  in  addition  to  1  pm  BPM  noise. 

Figure  1  shows  the  true  orbit  position  offsets  in 
quadrupoles  compared  with  the  offset  predicted  by  a  zero- 
iteration  fit  (18)  and  the  least-squares  solution  (19) 


DISCUSSION 

The  proposed  method  is  practically  useful  during 
commissioning  because  the  time  consuming  calculation  of 
design  matrix  A  is  done  prior  to  the  measurement  of  all 
quadrupole  /^-response.  The  only  computer-intensive 
operation  to  be  performed  during  BBA  procedure  is 
finding  the  least  squares  solution  of  (19)  through  the 
singular  value  decomposition  of  A. 

The  proposed  technique  is  an  extension  of  the  idea 
behind  the  powerful  response  matrix  analysis  method  [2]. 
When  this  idea  is  applied  to  a  BBA  problem,  changes  in 
quadrupole  strength  Ak  act  as  corrector  magnets. 
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Figure  1 :  Real  and  predicted  orbit  offsets. 

Figure  2  compares  errors  in  the  offset  determination  of 
the  zero-iteration  solution  and  the  least  squares  solution. 
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GENERATION  OF  FEMTOSECOND  ELECTRON  BUNCHES  AND  HARD- 
X-RAYS  BY  ULTRA-INTENSE  LASER  WAKE  FIELD  ACCELERATION  IN 

A  GAS  JET 

M.  Uesaka,  T.  Hosokai,  K.  Kinoshita1),  A.  Zhidkov1* 

Nuclear  Engineering  Research  Laboratory,  University  of  Tokyo 
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Abstract 

Femtosecond  electron  beams  and  hard  x-rays  with 
2-0.1  nm  may  find  various  applications  in  biology, 
chemistry, and  molectronics  giving  a  new  time-scale  probe 
analysis.  Such  short  electron  beams  can  be  produced  in 
the  wake  field  acceleration  by  short  relativistically  intense 
laser  pulses  and  then  Thomson  scattering  of  a  second 
laser  pulse  can  serve  for  efficient  generation  of  very  short 
x-rays  with  use  of  such  electron  beams. 

INTRODUCTION 

We  study  experimentally  with  12  T  W,  50  fs  Ti- 
sapphire  laser  set-up  and  numerically  through  a 
multidimensional  particle-in-cell  simulation  two 
mechanisms  of  generation  of  femtosecond  electron 
bunches  in  gas  jet  suitable  for  efficient  Thomson 
scattering.  The  first  is  the  LWFA  of  electrons  injected  due 
to  wave-breaking  on  a  shock-wave  produced  by  a  laser 
prepulse  in  a  He  gas-jet.  This  mechanism  allows  us  to 
produce  a  narrow-coned  electron  bunch  with  duration 
around  40  fs.  Results  of  measurements  agree  well  with 
two-dimensional  hydrodynamics  and  particle-in-cell 
simulations.  Such  a  beam  can  scatter  up  to  109  photons 
per  pulse  in  1°  cone.  Spectrum  of  scattered  light  is 
discussed.  Because  of  large  energy  spread  of  electrons  in 
a  bunch,  the  x-ray  spectrum  is  broad.  To  overcome  this 
problem  another  mechanism,  self-injection  of  plasma 
electrons,  is  proposed  and  studied  numerically.  The  self¬ 
injection  of  plasma  electrons  which  have  been  accelerated 
to  relativistic  energies  by  a  laser  pulse  moving  with  a 
group  velocity  less  than  the  speed  of  light  appears  when 
a0  >  >/2(<y  fcopl)2n  where  a0  is  normalized  laser  field. 

In  contrast  to  the  injection  due  to  wave-breaking 
processes,  self-injection  allows  extraction  of  a  beam- 
quality  bunch  of  energetic  electrons.  This  injection  is  also 
expected  to  be  useful  in  generation  of  very  short  pulse, 
-10  fs,  electron  beams  with  the  charge  -100  pC.  The 
diameter  of  such  a  beam  in  a  gas  jet  after  acceleration  is 
only  5-10  pm  that  makes  possible  the  production  of  high- 
brightness  hard-x-rays  with  few  percent  energy  spread  by 
using  contrary  propagating  laser  pulses.  The  efficiency 
and  spectrum  of  such  x-rays  are  calculated  and  discussed. 

EXPERIMENATAL  SET-UP 

An  intense  and  ultra-short  laser  pulse  has  been 
focused  on  helium  gas  (  see  Fig.  1).  In  order  to  form  a 
spatially  localized  gas  column,  to  suppress  the  transverse 
expansion  into  vacuum  due  to  the  thermal  and  fluid 
motion  of  the  injected  gas,  a  supersonic  pulsed  gas 


injection  has  been  used  as  a  target.  The  pulsed  gas  jet  has 
been  produced  by  a  device  consist  of  an  axially 
symmetric  Laval  nozzle  and  a  solenoid  fast  pulse  valve. 
The  nozzle  was  designed  to  provide  the  Mach  number 
M=4.2  at  the  exit  of  the  nozzle.  It  has  a  2.0  mm  inner 
diameter  at  the  exit.  The  typical  experimental  set-up  is 
shown  in  Fig.  1 .  The  nozzle  with  the  pulse  valve 


was  placed  inside  the  vacuum  chamber.  The  pulse  valve 
was  driven  for  5  ms  a  shot  at  a  repetition  rate  of  0.2  Hz. 
The  stagnation  pressure  of  the  valve  is  varied  from  5  to  20 
atm.  With  these  pressures  the  density  at  the  exit  of  the 
nozzle  ranged  from  7  xlO18  to  3xl019cm'3. 


Fig.  2  Supersonic  gas  jet  and  laser  focus  position. 

Fig.  3  Image  of  the  laser  focal  spot  at  the  target. 

The  12TW  Ti:Sapphire  laser  system  based  on  CPA 
technique  generated  up  to  600  mJ,  50  fs  laser  pulses  at 
fundamental  wavelength  of  790  nm  with  10  Hz  repetition 
rate.  The  laser  power  at  the  target  in  the  vacuum  chamber 
was  up  to  5TW.  As  shown  in  Fig.2,  the  p-polarized  laser 
pulse  with  diameter  of  50  mm  was  delivered  into  the 
vacuum  chamber  through  a  vacuum  laser  transport  line 
and  was  focused  on  the  front  edge  of  helium  gas  jet 
column  at  the  height  of  1 .3  mm  from  nozzle  exit  with  an 
J73.5  off-axis  parabolic  mirror  (OAP).  Fig.  2  gives  side- 
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view  of  the  interaction  region  obtained  by  the  CCD 
camera,  and  illustrates  the  gas  jet  and  the  focus  point.  Fig. 
3  shows  a  typical  image  of  a  laser  focal  spot  at  the  target 
position.  The  spot  size  was  7.5  pm  in  full  width  at  1/e2  of 
maximum.  The  maximum  laser  intensity  on  the  target  was 
estimated  as  1019  W/cm2  so  that  the  laser  parameter  a0 
exceeded  2.0. 

SELF-INJECTION  IN  LWFA 

Injection  of  electrons  for  their  further  acceleration  is  a 
crucial  part  of  LWFA  [1].  Usually  for  LWFA,  the 
injection  of  a  high  quality  electron  beam  from  a  RF 
accelerator  is  assumed  [2].  In  other  schemes,  two  or 
several  laser  pulses  are  employed  for  the  injection  [3]. 
Such  schemes  require  highly  precise  synchronization 
between  the  wake-field  and  the  injection.  Moreover, 
though  the  LWFA,  particularly,  allows  the  production  of 
an  ultra-short  electron  bunch  (-10  fs),  which  is  necessary 
for  probe-analysis  of  matter  [4],  the  schemes  based  on  an 
external  injection  hardly  be  applied  for  this.  Another  way 
for  electron  injection  exploits  an  injection  produced  by 
the  laser  pulse  itself,  so-called  ‘self-injection’.  A  short 
laser  pulse  consists  of  a  short  (-50-100  fs)  intense  part, 
main  pulse,  and  a  long  (-2-10  ns)  pedestal  which  is 
usually  called  as  a  prepulse  and  a  post  pulse.  The  intensity 
of  the  prepulse  varies  from  10'5  down  to  10‘7  from  that  of 
the  main  pulse.  Self-injection  schemes  can  exploit  both 
parts  of  the  laser  pulse.  The  prepulse  can  be  used  to  form 
a  proper  condition  for  the  wave-breaking  injection  of 
electrons  to  the  wake-field  while  the  main  pulse  can 
produce  injection  by  itself  due  to  relativistic  effects. 

If  the  Raleigh  length,  Lr,  for  the  laser  pulse  is  short 
enough,  the  prepulse  can  form  a  cavity  with  a  shock  wave 
in  the  front  of  laser  propagation.  In  contrast  to  the  plasma 
channel  produced  by  long  Raleigh  length  laser  beam  [5], 
the  length  of  the  cavity  is  deteimined  by  this  small  £r, 
because  the  energy  is  deposited  in  the  plasma  mostly  near 
the  focus  point  x=0  as  IF(x)-1/(H-(x/Lr)2).  For  low 
intensity  laser  pulse,  the  electron  temperature,  Te,  can  be 
estimated  via  the  collisional  absorption  mechanism, 
dTJdt=As  vei(leV)/re3/2  ,  where  As=  2m2Hmo}  the 
energy  acquired  by  an  electron  in  a  collision;  vei  the 
frequency  of  electron  -ion  collisions.  For  intensity  /—  1 0 1 3 
W/cm2  and  ion  density  /Vi=3xl018  cm"3  (in  the  cavity)  and 
pulse  duration  t= 2  ns,  7^=150  eV.  If  X=Cst>  LR  ,  where 
Cs  the  ion  sound  speed,  a  shock  wave  can  be  formed  in 
the  plasma.  If  the  shock  wave  relaxation  depth  Ax 
h  (M  is  the  ion  mass,  h  the  ion  free  path)  less 
than  the  plasma  wave  wavelength  /pl,  the  strong  wave¬ 
breaking  of  wake-field  produced  by  the  main  pulse  there 
can  be  a  good  source  of  injection.  For  temperature  Te~150 
eV  in  a  He  gas-jet,  the  ion  sound  speed  is  Cs  -5*1 06  cm/s 
and  X- 100  pm  so  that  the  effect  appear  for  the  laser  pulse 
with  the  Raleigh  LR<  100  pm.  The  shock  wave  can  be 
generated  in  get  with  o^liMm)ml27ix:>\  that  gives  N{> 
5x1 01 8  cm"3.  The  density  gradient  at  the  shock  wave  is 
steep  and  effective  wave-breaking  is  appeared  [6]. 


Fig.4  The  measured  and  calculated  time-integrated  (a)  and 
spatial  (b)  energy  distribution  of  electrons  in  the  bunch  for  the 
laser  power  of  4TW. 


In  order  to  obtain  the  energy  distributions  of  the 
electrons,  a  magnetic  electron  deflector  was  set  in  the 
laser  axis  behind  the  jet  (as  shown  in  Fig.  1).  The  bottom 
plate  of  the  cup  is  used  as  an  electron  detector.  The 
magnetic  field  between  the  magnets  is  mapped  out  with  a 
Hall  probe  and  the  maximum  field  strength  reaches  300 
mT.  That  has  an  entrance  aperture  of  2.0  mm  with  an 
acceptance  solid  angle  of  1  msr.  With  this  set-up,  the 
energy  distribution  of  the  ejected  electrons  up  to  40MeV 
can  be  detected.  Measured  distribution  of  narrow-coned 
electrons  is  shown  in  Fig.4.  The  distribution  agree  well 
with  that  obtained  in  2D  particle-in-cell  calculation.  This 
energy  distribution  is  Maxwell-like  with  the  effective 
temperature  Th  ~  10  MeV,  and  the  maximal  energy  we 
observed  is  40  MeV.  The  electrons  with  energy  from  10 
to  40  MeV  constitute  a  bunch  with  duration  of  40  fs  in 
PIC  simulation.  The  calculated  charge  of  electron  bunch 
is  0.7  nC/U.  In  Fig.4b  the  spatial  distribution  of 
accelerated  electrons  obtained  from  PIC  simulation  shows 
the  bunch  duration  is  40  fs! 

The  wave-breaking  is  initially  a  stochastic  process  that 
provokes  rapid  randomization  in  energy  of  accelerated 
electrons.  This  makes  such  kind  of  injection  sometimes 
inefficient  and  usually  very  sensitive  to  plasma  parameter 
changes.  A  mechanism  of  electron  injection  originating 
from  the  relativistic  character  of  the  laser-plasma 
interaction  can  be  applied  to  improve  the  energy  spread  of 
accelerated  electrons. 

Along  with  the  common  wake-field,  a  relativistically 
intense  laser  pulse  moving  in  an  under-dense  plasma  with 
group  velocity  less  than  the  light  speed  generates 
additional  electrostatic  wave,  which  has  a  group  velocity 
close  to  the  group  velocity  of  the  laser  pulse  from  the 
linear  theory.  This  wave  comes  from  electrons  temporally 
trapped  and  accelerated  directly  by  the  laser  pulse 
forming  a  bunch  at  the  front  of  the  laser  pulse.  This 
bunching  of  electrons  creates  a  potential  difference, 
potential  cavity  [6],  behind  the  laser  pulse  due  to  the 
evacuation  of  electrons.  The  number  of  electrons  in  this 
bunch  is  limited  by  repulsion;  the  repealed  electrons  are 
accelerated  to  energy  equal  the  potential  difference  in  the 
cavity  and,  thus,  can  be  efficiently  injected  for  further 
acceleration  if  proper  matching  condition  occurs. 
However  this  injection,  which  can  be  considered  as  a  self- 
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injection,  contends  with  injection  after  wave-breaking.  At 
low  plasma  density,  the  self-injection  produces  efficient 
accele-  ration  with  a  low  energy  spread  while  at  high 
density,  wave-breaking  dominates  producing  a 
Maxwellian  distribution  of  energetic  electrons  with  an 
effective  temperature.  Propagating  in  under-dense  plasma 
with  the  group  velocity,  vg  ,  an  intense  laser  pulse  can 
accelerate  plasma  electrons,  which  are  in  the  rest  at  the 
beginning,  up  to  the  energy  ^  =mc2a02 1 2,  where 

a0=eEfmco)  with  E  the  laser  electric  field,  and  co  the  laser 
frequency.  If  the  velocity  of  such  electrons  exceeds  the 
group  velocity  of  the  laser  pulse,  these  electrons  can  be 
trapped  and  move  with  the  pulse  forming  an  electrostatic 
wave.  The  matching  condition  can  be  written  in  the 
following  form,  ;w=V/2==  rg=l/(l-vgV)1/2~6)/e  1/2/^, 
where  co$  is  the  plasma  frequency  and  ~  ^[l  +  al  12  is 

the  electron  quiver  energy.  The  potential  difference,  A<f>, 
produced  by  electrons  directly  accelerated  by  the  laser  at 
the  front  of  the  pulse  cannot  exceed  the  ponderomotive 
potential  mc2a^H.  As  a  result,  the  length  of  the  cavity 
behind  the  laser  pulse  is  d=?^a^2n.  At  this  distance 
behind  the  laser  pulse  the  repealed  electrons  acquire 
energy  e=| and,  moving  with  the  group  velocity,  are 
further  accelerated  in  the  cavity.  For  mono-energetic 
acceleration,  d  must  exceed  the  pulse  length  cr,  where  ris 
the  pulse  duration.  The  maximal  energy  finally  acquired 
by  such  an  electron  is  Em^{aJ27c)Em^  ,  where  £maxWF 
is  the  corresponding  maximal  energy  in  acceleration  by 
longitudinal  plasma  wave. 


600i 


X((o/c) 


Fig.5  The  spatial  distribution  of  normalized  density  of  electrons 
in  the  gas-jet  of  density,  iVe=1019  cm'3,  at  **=4000  for  /=1020 
W/cm2;  X-x+ct 

Results  of  2D  simulation  displaying  the  formation  of 
the  electrostatic  wave  are  shown  in  Fig.5.  One  can  see  a 
clear  cavity  structure  in  electron  density  after  the  pulse 
propagates  0.5  mm  in  the  plasma  though  there  is  no  wave¬ 
breaking  of  the  plasma  wave  .  The  transverse  size  of  the 
first  bunch  in  the  rear  of  the  first  cavity  is  about  10  pm. 
The  energy  distribution  of  electrons  in  the  bunch  after  the 
pulse  past  1  mm  and  2  mm  in  the  plasma  are  shown  in 
Fig-6.  The  both  distributions  have  a  peak  that  corresponds 
to  electrons  accelerated  after  the  self-injection.  The 
energy  spread  is  5%  in  both  cases  although  energy  spread 
in  the  pedestal  increases  considerably.  Formal  calculation 
of  the  emittance  in  the  bunch  gives  that  of  0.1  ^mm  mrad 


Fig.6  Electron  energy  distribution  in  2D  PIC  simulation;  7=1020 
W/cm2,  z=20  fs,  **=6000  (b)  **=12000  (b)  at  the  plasma 
density  Ne-\ 019  cm'3 

THOMSON  SCATTERING 

Moving  through  the  laser  pulse,  a  relativistic  electron 
transforms  the  laser  light  to  X-rays.  The  total  number  of 
photons  produced  by  an  electron  strongly  depends  on  the 
intensity  of  the  scattered  light  and  can  be  found  from 
simple  equation,  dn/dt=crI/hco ,  where  cp-k  r2^7ie4/(mc2)2 
electron  cross-section,  n  the  number  of  x-ray  photons.  For 
the  laser  pulse  with  total  energy  1  J,  X~l  pm,  and  focus 
spot  -10  pm  1  MJ/cm2  that  gives  w-2-3.  Electron 
bunch,  40  fs,  100  pC,  can  produced  10  keV  ;t-rays  in  1° 
with  109  photons  and  duration  -30  fs.  A  typical  spectrum 
of  scattered  signal  is  given  in  Fig.  7  for  a0= 2  [2] 


Fig.  7  Typical  spectrum  of  scattered  x-rays  [2]. 

The  maximum  frequency  is  G>-mco^y^({\+aQ)  with  y0 
the  energy  of  accelerated  electrons. 

REFERENCES 

[1]  T.  Tajima  and  J.  Dawson,  Phys.  Rev.  Lett., 43,  267  (1979);  K. 

Nakajima  et  al.,  Phys.  Rev.  Lett.  74,  4428  (1995);  F.  Dorchies  et 
al.,  Phys.  Plasmas  6, 2903  (1999). 

[2]  D.  Umstadter  et  al.,  Science  273,  472  (1996);Phys.  Rev.  Lett.  76, 

2073  (1996) ;  Phys.  Rev.  Lett.,  90, 055002  (2003) 

[3]  E.  Esarey,  R.F.  Hubbard,  W.P.  Leemans,  A.  Ting,  and  P.  Sprangle, 

Phys.  Rev.  Lett.  79,  2682  (1997);IEEE  Trans.  Plasma  Sci.,24,252 
(1996) 

[4]  M.  Uesaka,  et  al,  Phys.  Rev  E50,3068  (1994);  Radiation  Physics 

and  Chem.  60,  303(2001);Nucl.  Instr.  Meth.  Phys.  Res.  A455, 
148  (2000);  Phys.  Rev.  ST  Accel.  Beams  5, 041301  (2002) 

[5]  V.  Malka,  et  al. ,  Phys.  Plasmas  8,  2605  (2001);  Science,  298,  1600 

(2002);  Phys.  Plasmas  6,  2903  (1999);  Phys.  Plasmas  7,  3009 
(2000) 

[6]  T.  Hosokai,  et  ah,  Phys.  Rev.  E67,  036407  (2003);  A.  Zhidkov,  et 

al,  Phys.  Rev.  Lett,  (in  press) 


2260 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


FEEDFORWARD  CORRECTION  OF  THE  PULSED  CIRCULARLY 
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Abstract 


A  circularly  polarizing  undulator  capabable  of  switching 
the  polarization  very  rapidly  was  installed  at  the  Advanced 
Photon  Source.  The  net  magnetic  field  perturbation  is  char¬ 
acterized  in  both  planes  by  a  transient  orbit  motion,  which 
lasts  about  30  ms,  and  a  DC  orbit  shift.  In  addition,  mul¬ 
tipole  magnetic  moment  errors  are  present.  The  correction 
system  consists  of  small  dipole  and  multipole  correction 
magnets  at  the  ends  of  the  undulator,  a  multichannel  ar¬ 
bitrary  function  generator  (AFG)  to  program  the  corrector 
magnet  current  triggered  on  the  polarization  change  event, 
low-level  software  to  load  and  interpolate  the  AFG  wave¬ 
forms,  and  high-level  software  running  on  a  workstation  to 
determine  the  optimum  AFG  waveforms  for  the  dipole  cor¬ 
rectors.  We  rely  on  the  existing  real-time  feedback  system 
to  acquire  the  orbit  transient  and  to  automatically  gener¬ 
ate  a  close  approximation  of  the  required  corrector  wave 
forms.  A  choice  of  deterministic  correction  or  trial-and- 
eiror  manual  adjustments  of  the  wave  forms  is  available  in 
the  high-level  software. 

INTRODUCTION 


data,  use  of  existing  storage  ring  systems,  machine  stud¬ 
ies,  and  low-level  and  high-level  software  design. 

The  requirements  for  CPU  operation  are  that  the  stored 
beam  properties  be  minimally  affected  during  operation.  In 
general,  insertion  devices  (IDs)  cause  small  but  measurable 
angular  and  position  displacements  of  the  beam  orbit  and 
some  weak  high-multipole  moments.  The  field  perturba¬ 
tions  are  dependent  on  the  main  coil  current  and  the  polar¬ 
ization  mode.  In  addition,  a  short-lived  transient  in  these 
fields  occurs  at  the  switching  of  polarization.  Extensive 
magnetic  measurement  of  the  on-axis  CPU  field  compo¬ 
nents  were  made  at  several  main  coil  currents  for  the  var¬ 
ious  modes.  This  data  were  used  initially  for  the  feedfor¬ 
ward  correcting  channels.  Since  the  CPU  has  very  strong 
nonlinearities,  especially  during  transients,  and  the  fields 
are  very  sensitive  to  misalignment,  we  expected  to  have  to 
make  additional  beam-based  corrections  after  the  CPU  was 
installed  in  the  storage  ring.  Though  the  slowly  varying 
components  of  the  angular  and  position  displacements  can 
be  corrected  by  the  real-time  orbit  feedback  (RTFS)  and 
the  DC  orbit  correction  (DC  OC)  systems  at  the  APS,  we 
strove  to  correct  all  measurable  CPU  perturbations. 


A  circularly  polarizing  undulator  (CPU),  designed  and 
built  by  the  Budker  Institute  of  Nuclear  Physics,  was  in¬ 
stalled  at  the  Advanced  Photon  Source  storage  ring  in  May 
2001.  The  2.4-m  long,  12.8-cm  period,  34-pole  electro¬ 
magnet  CPU  has  a  set  of  vertical  and  horizontal  coils  that 
produce  an  internal  helical  trajectory  in  the  electron  beam 
for  production  of  circularly  polarized  photons.  A  switch¬ 
ing  circuit  in  the  vertical  field  coil  power  supply  produces  a 
trapezoidal-shaped  current  pattern  with  short  transients  (5- 
10  ms)  and  arbitrarily  long  DC  parts,  thus  alternating  the 
photon  polarization  between  right-circular  (RCP)  and  left- 
circular  (LCP)  with  a  small  gap  in  the  photon  throughput, 
making  this  undulator  a  uniquely  efficient  device  for  polar¬ 
ization  studies.  The  first  stage  of  commissioning  covered 
fixed  polarization  (DC  modes)  operation,  which  produced 
first  light  for  users  on  August  1,  2001.  In  November  2001, 
we  started  commissioning  of  the  more  complex  alternating 
polarization  (AC  mode)  operation,  which  required  the  in¬ 
tegration  of  several  systems;  this  was  completed  in  March 
2003. 

This  paper  will  describe  what  needed  to  be  done  to  com¬ 
mission  the  DC  and  AC  modes,  including  some  implemen¬ 
tation  details  such  as  hardware  designs,  organization  of 


*Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic  En¬ 
ergy  Sciences  under  Contract  No.  W-31-109-ENG-38. 
t  emery@aps.anl.gov 


MULTIPOLE  CORRECTOR  MAGNETS 

The  present  correction  system  consists  of  four  channels 
to  compensate  the  first  and  second  field  integrals  of  both 
planes  (two  dipole  magnets  at  the  upstream  end  and  two 
more  at  the  downstream  end).  Additional  channels  were 
implemented  for  correcting  higher-order  multipole  compo¬ 
nents:  the  normal  quadrupole,  skew  quadrupole,  and  skew 
octupole  field  components  [  1  ] . 

The  initial  part  of  the  commissioning  plan  called  for 
making  a  complete  magnetic  characterization  with  no  cor¬ 
rection,  then  to  repeat  the  bench  measurement  with  correc¬ 
tion  turned  on  to  confirm  the  tuning  of  the  CPU. 

The  seven  channels  of  corrector  magnet  currents  are  pro¬ 
grammed  by  a  multichannel  arbitrary  function  generator 
(AFG)  with  a  sampling  rate  of  1  kHz  and  a  depth  of  128 
points.  In  the  AC  mode,  the  AFG  produces  alternating 
waveforms  for  each  transition  synchronized  to  a  switching 
pulse  (i.e.,  one  waveform  for  RCP  — >  LCP  and  a  differ¬ 
ent  waveform  for  LCP  — >  RCP).  On  the  last  point  of  the 
AFG,  the  corrector  current  freezes  until  the  next  trigger.  In 
DC  modes,  the  AFGs  produce  a  constant  waveform  and  is 
updated  when  the  CPU  set  point  is  changed.  An  EPICS 
IOC  dedicated  to  the  CPU  handles  the  updating  of  AFG 
waveforms  from  stored  tables  of  correction  data  specific 
to  each  operating  mode.  The  tables  are  linearly  interpo¬ 
lated  at  the  CPU  set  point  value  and  the  resulting  wave- 
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forms  are  sent  to  the  AFGs.  The  waveform  data  tables  are 
loaded  into  the  IOC  from  self-describing  data  set  (SDDS) 
protocol-compliant  [2]  data  files. 

The  use  of  SDDS  files  in  managing  the  corrector  wave¬ 
form  data  was  crucial.  Briefly,  SDDS  datasets  are  files  with 
headers  that  describe  the  structure  and  contents  of  the  data 
in  terms  of  names,  units,  and  data  type.  The  data  itself  is 
typically  one  or  more  instances  of  data  pages,  which  are  ta¬ 
bles  accompanied  by  parameters  and  multidimensional  ar¬ 
rays.  Access  to  data  in  SDDS  files  is  by  name  only ,  which 
is  the  key  feature  for  a  robust  protocol.  A  suite  of  data  pro¬ 
cessing  and  display  tools  that  work  with  SDDS  files  helps 
integrate  data  from  various  systems,  which  is  the  case  here. 

The  data  for  configuring  DC  mode  compensation  is  con¬ 
tained  in  a  single  file.  Each  data  page  of  the  file  corre¬ 
sponds  to  a  different  polarization  mode  and  contains  a  table 
of  CPU  main  coil  currents  and  the  seven  multipole  correc¬ 
tor  magnet  currents.  For  AC  mode  configuration,  one  file 
for  each  corrector  magnet  is  required  because  of  the  extra 
time  dimension.  Each  data  page  corresponds  to  a  partic¬ 
ular  CPU  current  set  point  with  a  table  of  time  index  and 
waveforms  for  the  RCP  and  LCP  states. 

MEASUREMENT  AND  CORRECTION  OF 
ORBIT  PERTURBATION 

It  turns  out  that  the  dipole  corrections  based  on  the 
magnetic  measurements  did  not  correctly  compensate  the 
dipole  perturbation  for  both  DC  operation  and  AC  opera¬ 
tion.  We  were  not  surprised  by  this  since  we  knew  of  some 
CPU  misalignments  in  the  vertical  plane  (by  250  microns) 
due  to  inaccuracies  in  the  manufacture  of  the  poles.  We 
proceeded  to  make  beam-based  measurements  of  the  dipole 
perturbations  to  apply  as  feedforward  correction.  For  the 
DC  modes,  the  normal  and  skew  quadrupole  correction  was 
confirmed  with  tune  measurement  and  beam  size  measure¬ 
ments,  respectively,  while  the  skew  octupolar  correction 
was  difficult  to  confirm.  In  any  case,  we  found  no  effect 
on  the  beam  lifetime  from  the  octupole  magnet  operating 
at  full  range.  For  the  AC  modes,  the  latter  three  corrections 
would  be  difficult  to  confirm,  so  we  left  the  correction  from 
the  initial  magnet  measurement  as  is. 

DC  Modes 

The  measurement  and  correction  of  the  fields  for  DC 
mode  operations  required  no  extraordinary  setup.  We  con¬ 
figured  our  existing  system  of  DC  orbit  correction  with  the 
four  CPU  dipole  correctors  acting  as  the  only  correctors, 
while  the  CPU  was  ramping  slowly  between  predetermined 
set  points.  The  recorded  values  of  the  correctors  were  then 
written  to  the  DC-mode  operations  compensation  file.  Oc¬ 
casionally  one  corrector  reached  its  range  limit  at  some 
CPU  set  point,  in  which  case  we  continued  orbit  correction 
with  the  remaining  corrector  of  that  plane.  Even  though  the 
compensation  will  not  be  perfect,  the  perturbation  would 
be  minimized,  leaving  the  regular  DC  OC  to  make  up  the 


difference  in  user  operations. 

Figure  1  shows  the  difference  between  the  initial  cor¬ 
rection  based  on  the  magnetic  measurements  and  the  final 
correction  for  the  four  dipoles  in  RCP  mode.  For  the  initial 
correction,  the  curves  for  the  two  vertical  correctors  were 
set  the  same  because  the  magnetic  measurement  could  not 
definitely  detect  a  second  integral  perturbation.  The  final 
correction  definitely  displays  a  second  integral  correction 
for  both  planes. 


Figure  1 :  Original  and  final  RCP  mode  correction  of  dipole 
fields. 


AC  Mode 

The  measurement  and  correction  of  the  fields  for  AC 
mode  operations  required  a  more  complicated  setup  be¬ 
cause  of  the  extra  time  dimension.  Breifly,  we  use  the  tran¬ 
sient  orbit  data  to  make  changes  to  the  dipole  compensation 
waveforms.  We  needed  to  integrate  several  data  sets,  sig¬ 
nals,  and  systems:  the  original  waveforms  from  magnetic 
measurements,  a  timing  signal,  RTFS  data  acquisition  sys¬ 
tem,  a  special  RTFS  correction  matrix  configuration,  a  GUI 
application  for  manual  or  automatic  waveform  feedback,  a 
new  Tcl/Tk  widget  for  waveform  display  and  tweaking,  a 
SDDS  data  file  structure  to  facilitate  waveform  operations, 
and  the  RTFS  for  rms  orbit  measurement. 

The  RTFS  has  access  to  almost  all  orbit  data  at  a  sam¬ 
pling  rate  of  1.5  kHz.  The  RTFS  data  acquisition  can 
be  triggered  by  the  2-Hz  rate  injection  timing  signal.  To 
get  synchronization  between  RTFS  and  CPU  transition,  the 
CPU  switching  circuit  was  connected  to  a  trigger  sequence 
derived  from  the  same  timing  signal.  The  RTFS  was  set  up 
for  data  acquisition  with  the  loops  open,  otherwise  the  orbit 
would  not  truly  reflect  the  magnetic  filed  perturbation. 

It  turned  out  that  we  could  utilize  the  powerful  RTFS  to 
do  some  of  the  mathematical  work.  The  data  from  the  beam 
position  monitor  (BPM)  system  is  actually  transformed  in 
real  time  into  “corrector  error”  signals  by  multiplying  the 
orbit  data  vector  with  rows  of  the  RTFS  correction  matrix. 
The  corrector  error  signals  are  the  amount  of  current  that 
would  be  commanded  to  the  RTFS  correctors  (one  per  sec¬ 
tor)  to  correct  the  global  orbit  for  that  time  step,  assuming 
unity  gain.  Even  with  the  loops  open,  the  matrix  calculation 
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goes  on  indefinitely.  The  correctors  error  signals  from  the 
upstream  and  downstream  RTFS  correctors  (regular  stor¬ 
age  correctors)  are  the  most  relevant  ones  because  they  are 
the  closest  to  the  CPU.  Since  the  RTFS  correctors  are  not 
at  the  same  location  of  the  CPU  dipoles,  additional  mod¬ 
ification  of  the  corrector  error  signals  was  sought.  For  a 
time,  we  ran  the  flexible  RTFS  with  a  correction  matrix 
that  had  phantom  RTFS  correctors  at  the  locations  of  the 
CPU  dipoles.  The  corrector  error  signal  would  then  corre¬ 
spond  to  exactly  the  required  correction  for  the  CPU  cor¬ 
rectors.  In  practise,  however,  the  solutions  were  too  noisy 
to  use,  mainly  because  the  first  and  second  integral  correc¬ 
tion  components  were  solved  simultaneously,  the  second 
integral  solution  being  very  sensitive  to  input  error.  Until 
we  find  a  way  to  reduce  the  noise,  we’ll  adopt  the  default 
correction  matrix  used  for  operations,  which  is  less  accu¬ 
rate  but  nevertheless  permitted  a  convergence  in  tuning. 

The  next  step  was  to  make  a  change  to  the  corrector 
waveform  based  on  the  orbit  readback.  We  have  the  op¬ 
tion  of  using  the  readback  waveforms  to  calculate  a  change 
in  the  CPU  dipole  waveforms,  or  simply  edit  part  of  the 
CPU  dipole  waveforms  in  an  attempt  to  change  some  vis¬ 
ible  features  of  the  readback  waveforms.  At  a  given  CPU 
current  set  point,  there  are  eight  waveforms  to  adjust,  two 
waveforms  for  each  of  the  four  dipole  magnets. 

Finally,  the  data  of  the  new  waveforms  for  the  given  CPU 
set  point  were  inserted  into  the  four  corrector  SDDS  files 
that  had  been  loaded  in  the  IOC.  Tens  of  iterations  were 
typically  required  for  correcting  perturbations  for  one  CPU 
set  point. 

Graphical  User  Interface 

A  Tcl/Tk  application  was  written  to  facilitate  the  control 
and  processing  steps  for  the  AC  mode  correction  described 
above.  The  application  sets  up  the  RTFS  for  acquiring  the 
particular  data  required,  collects  the  data  over  many  CPU 
pulses,  averages  the  data  over  several  pulses,  separates  the 
orbit  transients  belonging  to  the  RCP  and  LCP  portions 
of  cycle,  and  writes  the  data  to  a  file  in  a  selected  work¬ 
ing  directory.  The  original  version  of  the  application  did  a 
deconvolution  of  the  CPU  corrector  time  response  (7  ms) 
from  the  orbit  transient  and  a  transfer  matrix  multiplication 
to  obtain  the  angle  corrections  required  at  the  CPU  correc¬ 
tion  locations.  This  method  had  the  potential  of  converging 
to  the  right  waveforms  quickly,  but  had  the  noise  problems 
mentioned  earlier  that  the  deconvolution  itself  worsened. 
In  the  later  version  of  the  application,  the  deterministic  ap¬ 
proach  was  replaced  with  a  “manual”  search  approach.  A 
waveform  Tcl/Tk  widget  was  designed  specifically  for  dis¬ 
playing  the  orbit  data  and  the  corrector  waveform  data  in 
adjacent  frames.  Each  point  of  the  corrector  waveform  can 
be  selected  by  the  mouse  and  moved  vertically  to  change 
the  value.  After  editing  is  completed,  the  waveform  can  be 
saved  in  an  archival  SDDS  file,  and  uploaded  to  the  IOC. 
Any  archival  waveform  data  can  also  be  recalled  and  up¬ 
loaded  to  the  IOC.  Preset  plots  of  the  RTFS  and  corrector 


waveform  data  are  available. 

Figure  2  shows  an  example  of  the  orbit  perturbation  data 
before  any  correction,  corresponding  to  a  250  pm  orbit. 
After  correction  (not  shown),  the  remaining  perturbation  is 
reduced  to  about  7  pm  of  orbit  (0. 1  A  in  the  scale  of  Figure 
2)  and  lasts  about  15  ms. 
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Figure  2:  Orbit  data  for  uncorrected  CPU  at  260  A. 

USER  OPERATION 

We  stop  iterating  the  dipole  corrector  waveforms  when 
the  remaining  orbit  error  doesn’t  appear  to  be  correctable 
anymore.  The  remaining  unconected  errors  occur  just  after 
the  switch  time,  are  short  lived  (5-15  ms),  and  are  of  small 
amplitude.  The  overall  figure  of  merit  for  the  quality  of 
correction  is  the  rms  orbit  calculated  by  the  RTFS  when 
the  RTFS  loops  are  closed.  Because  the  RTFS  correction 
bandwidth  is  about  50  Hz,  we  don’t  expect  the  remaining 
pulse-like  errors  to  be  corrected  by  the  RTFS,  though  the 
DC-level  error  would  be. 

We  decided  arbitrarily  that  the  acceptable  increase  in  the 
rms  orbit  error  (for  30  Hz  BW)  was  to  be  20%  from  its 
base  level  of  1.1  p m  in  the  horizontal  plane  and  0.9  pm  in 
the  vertical  plane.  Because  the  rms  error  depends  on  the 
pulsing  period,  we  have  restricted  the  pulsing  period  to  a 
minimum  of  2  seconds.  The  measured  rms  orbit  errors  for 
the  full  operating  range  of  the  CPU  varies  from  1.1  pm  to 
1.3  pm  in  the  horizontal  plane  and  0.9  pm  to  1.3  pm  in  the 
vertical  plane.  The  CPU  set  points  most  used  by  the  user 
have  rms  orbit  errors  1.2  pm  and  0.9  pm  in  the  horizontal 
and  vertical  planes,  respectively. 
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Abstract 

The  eV  collider  CESR  is  expanding  its  beam  energy 
range  to  below  2  GeV  for  the  planned  Charm  Physics 
Program.  The  original  5  GeV  injection  beam  lines 
consisted  of  two  0.025-mm  thick  titanium  windows, 
separated  by  a  helium  line  at  atmospheric  pressure.  The 
beam  injection  efficiency  at  low  energies  is  reduced 
dramatically  due  to  excessive  emittance  growth  from 
multiple  scattering  in  the  Ti  windows.  The  Ti  windows 
were  replaced  with  0.075-mm  thick  beryllium  windows  to 
restore  injection  efficiency  at  low  beam  energies.  This 
paper  describes  the  design  and  construction  of  the  Be 
windows.  Finite-element  analysis  was  used  to  determine 
the  minimum  Be  window  thickness  able  to  support 
atmospheric  pressure  across  24-mm  diameter  aperture. 
The  Be  window  housing  is  a  cylinder  consisting  of  two 
stainless  steel  tubes  (SST)  vacuum  brazed  to  each  end  of  a 
copper  ring.  The  Be  window  is  subsequently  vacuum 
brazed  to  the  copper  ring  at  a  lower  braze  temperature. 
The  SST  ends  of  the  window  assembly  provide 
mechanical  strength  and  protection  to  the  fragile  window, 
and  facilitate  welding  of  the  window  assembly  to  the 
injection  vacuum  chambers.  Injection  efficiency  close  to 
70%  was  achieved  with  the  beryllium  injection  windows 
in  CESR. 

INTRODUCTION* 

At  CESR,  the  injected  electron  or  positron  beam 
from  the  boost  ring,  the  Synchrotron,  are  merged  into  the 
stored  beam  in  CESR  via  a  pulsed  electro-magnet,  the 
septum,  as  shown  in  Figure  1.  The  beam  passage  channel 
in  the  septum  is  filled  with  pure  helium  at  atmospheric 
pressure.  Two  thin  metallic  windows  at  each  ends  of  the 
septum  provide  vacuum  separation  between  the  helium 
space  and  the  CESR  and  the  Synchrotron  vacuum 
systems. 
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Figure  1.  CESR  Injection  (vacuum)  layout 


The  windows  made  of  0.025mm  thick  titanium  were 
used  when  CESR  was  running  at  beam  energy  -5  GeV. 
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As  a  part  of  CESR-c  conversion  program  [1]  in 
optimizing  luminosity  performance  in  beam  energy  range 
of  1.5  to  2.5  GeV,  the  titanium  windows  are  replaced  with 
thin  beryllium  ones,  to  reduce  excessive  emittance  growth 
due  to  multiple  scattering  [2].  This  paper  describes  the 
construction  of  the  thin  beryllium  windows. 

WINDOW  DESIGN 

The  beryllium  window  assembly  is  designed  with  the 
following  requirements.  First,  it  must  provide  reliable 
mechanical  performance  to  handle  both  a  static 
differential  pressure  between  the  atmospheric  helium  and 
the  vacuum,  and  occasional  pressure  cycling  when  either 
the  CESR  or  the  Synchrotron  vacuum  system  is  vented  for 
maintenance.  Secondly,  it  needs  to  provide  a  required  24- 
mm  beam  aperture.  Furthermore,  the  window  housing 
need  to  be  thin  enough  so  that  to  allow  the  injecting  beam 
to  be  brought  close  to  the  stored  beam  in  CESR. 

Deflection  and  stress  across  a  24-mm  diameter 
beryllium  foil  are  calculated  under  atmospheric  pressure 
using  finite  element  analysis  (FEA)  for  two  commercially 
available  thicknesses,  namely  0.050  mm  and  0.075  mm. 
A  beryllium  thickness  of  0.075-mm  was  chosen  based  on 
the  FEA  results. 

WINDOW  CONSTRUTION 

The  beryllium  window  assemblies  are  made  through 
a  two-step  vacuum  furnace  braze. 

The  first  step  produces  the  window  housing,  as 
shown  in  Figure  2.  The  window  housing  consists  of  a 
copper  ring  sandwiched  between  two  stainless  steel  (SST) 
tubes.  The  SST  tubes  at  the  ends  provide  mechanical 
strength  and  protection  to  the  fragile  window,  and  make  it 
much  easier  to  weld  to  the  stainless  flange  on  the  CESR 
injection  vacuum  chamber.  The  parts  are  vacuum  brazed 
at  955°C  with  BAu-4  (82%Au-18%Ni,  or  Nioro®)  alloy 
wires.  Two  grooves  in  the  base  SST  tube  and  the  copper 
ring  serve  as  brazing  alloy  retaining  “wells”  to  ensure 
reliable  joints  among  the  parts.  The  housing  is  completed 
by  machining  away  the  grooves  after  the  vacuum  braze 
and  a  successful  leak  checking. 

The  0.075  mm  (0.003”)  thick  beryllium  disk  (Brush- 
Wellman,  Electrofusion  Grade  IF-1)  is  vacuum  brazed 
onto  the  copper  ring  of  the  window  housing  using  Bag- 18 
(60%Ag30%Cu  1 0%Sn)  alloy  at  718°C,  with  the  braze 
joint  arrangement  shown  in  Figure  3.  The  beiyllium  disk 
is  brazed  on  both  sides  to  enforce  the  very  narrow  joint. 

Due  to  brittleness  of  the  thin  beryllium  disk  and  the 
braze  joint,  extreme  care  must  be  taken  to  avoid  sudden 
pressure  changes  cross  the  window  aperture,  either  during 
pumping  down  or  venting  to  atmospheric  pressure.  This 
is  specially  the  case  for  the  first  pumping  down  of  the 
window  assembly  after  the  second  vacuum  braze. 
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Because  the  beryllium  disk  is  flat  at  this  state,  quick 
evacuation  from  one  side  of  the  window  induces  sudden 
deflection  across  the  beryllium  disk  that  may  result  in 
failure  of  the  beryllium  disk  or/and  the  braze  joint.  To 
avoid  the  failure,  the  brazed  window  assembly  was 
evacuated  very  controlled  fashion,  using  a  setup  as 
illustrated  in  Figure  4,  to  slowly  form  a  stable  curved 
state.  The  beryllium  disk  experiences  much  less 
mechanical  stress  from  the  atmospheric  pressure  at  this 
curved  form. 


Figure  2:  Vacuum  braze  of  the  beryllium  window  housing 
(a)Braze  arrangement,  (b)Finished  housing. 


Figure  4:  Setup  for  forming  the  beryllium  window  and 
leak  checking.  The  pumping  down  rate  (<1  torr/sec)  is 
controlled  by  the  opening  of  the  variable  leak  valve,  and 
monitored  by  a  Pirani  vacuum  gauge. 

CONCLUSION  REMARKS 

During  a  short  accelerator  shutdown  in  September 
2002  (when  a  prototype  CESR-c  super-conducting 
wiggler  magnet  was  installed  in  CESR),  the  titanium 
injection  windows  for  the  electron  beam  were  replaced 
with  the  new  beryllium  windows.  This  led  to  an 
estimated  a  factor  of  2.6  reduction  [2]  in  the  electron 
beam  emittance  growth  from  multiple  scattering  in  the 
injection  windows.  Machine  studies  before  and  after  the 
injection  window  replacement  showed  expected 
improvement  in  the  electron  beam  injection  efficiency,  as 
listed  in  Table  1.  During  a  4-month  long  shutdown 
starting  in  March  2003,  the  titanium  injection  windows 
for  the  positron  beam  will  also  be  replaced  with  the 
0.075mm  thick  beryllium  windows.  Similar  improvement 
in  the  CESR  positron  injection  efficiency  is  expected  for 
the  CESR-c  operations. 


Table  1.  Comparison  of  the  Measured  Electron  Beam 
Injection  Efficiencies  between  Ti-  and  Be-  Windows  [3] 


0.025mm  Ti  Windows 

0.075mm  Be  Windows 

flmax 

Tlx 

flmax 

At 

38% 

13% 

69% 

56% 

Notes:  r|max  is  maximum  injection  efficiency  disregarding 
beam  lifetime;  rjT  is  injection  efficiency  with  reasonable 
beam  lifetime 
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Abstract 

In  the  Cornell  Electron  Storage  Ring  (CESR)  multi¬ 
bunch  beams  of  electrons  and  positrons  share  a  common 
vacuum  chamber  and  guide  field.  A  new  precision  beam 
position  monitor  system,  with  bunch-by-bunch  measure¬ 
ment  capability,  is  now  in  operation  in  one  sector  of  the 
CESR  ring  including  the  interaction  region  (IR).  Two  of 
our  position  monitors  are  located  67cm  on  either  side  of  the 
interaction  point  (IP)  within  the  IT  experimental  solenoid. 
By  measuring  the  relative  positions  of  electron  and  positron 
bunches  at  these  detectors  we  can  obtain  information  about 
the  displacement  of  the  beams  at  the  collision  point  with  an 
anticipated  resolution  on  the  order  of  the  vertical  beam  size. 
The  measurement  of  the  dependence  of  beam  trajectories  at 
these  IR  beam  position  monitors  (IRBPMs)  on  changes  in 
the  ring  steering  elements  provides  a  powerful  diagnostic 
of  guide  field  errors  in  the  interaction  region. 

INTRODUCTION 

The  pretzeled  orbits  [1]  associated  with  multibunch  op¬ 
eration  of  CESR  place  the  counter-rotating  beams  off  axis 
in  most  of  the  quadrupoles,  skew  quadruples,  sextupoles, 
etc.  As  a  result,  skew  quadrupoles  affect  closed  orbits  dif¬ 
ferentially  for  the  two  beams,  and  tuning  to  reduce  cou¬ 
pling  is  complicated  by  feed  down.  A  new  BPM  system 
is  capable  of  precise  and  nearly  simultaneous  differential 
measurement  of  electron  and  positron  positions  near  the  IP. 
The  relative  positions  are  measured  with  the  requisite  res¬ 
olution  to  keep  the  beams  in  collision.  In  addition,  the  de¬ 
pendence  of  the  positions  on  steering  elements  outside  the 
IR  yields  precise  determination  of  coupling  parameters. 

INTERPOLATION  FROM  IRBPM  TO  IP 

The  transverse  phase  space  coordinates  of  a  trajectory  at 
element  z2  in  a  ring  are  given  by  the  transfer  matrix  [2]  M 
from  i\  to  %2  and  the  particle’s  position  at 

xia  =  Mi^2  *  x£l  (1) 

Given  position  measurements  at  two  detectors,  and  the 
transfer  matrix  that  propagates  the  trajectory  from  one  to 
the  other,  the  orbits  are  uniquely  determined,  including  at 
the  collision  point.  Systematic  effects  are  minimized  by 
measuring  and  mapping  electron  and  positron  orbit  differ¬ 
ence,  Ax  =  xe+  -  Xg- .  The  relative  positions  at  the  IP 
are  obtained  by  solving  the  following  system  of  equations: 

AXjp  —  Me-^ip  ■  Axe  (2) 

Axw  —  Me_>w  •  Axe  (3) 
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where  x*  and  xw  and  x*p  are  the  phase  space  coordinates 
at  the  detector  just  to  the  east  of  the  IP,  just  to  the  west, 
and  at  the  IP  respectively.  Between  the  two  IRBPMs  are 
permanent  magnet  final  focus  quadrupoles  immersed  in  a 
IT  solenoidal  field  for  which  the  mapping  is  well  known. 
Given  the  transfer  matrices  in  this  region,  the  determination 
of  the  relative  IP  beam  positions  and  crossing  angles  is  lim¬ 
ited  only  by  the  resolution  of  the  difference  measurement 
at  the  IRBPMs. 

X-Y  COUPLING  AT  IRBPMS 

The  positron  and  electron  beams  in  CESR  travel  in  a 
pretzel  orbit.  This  pretzel  orbit  serves  to  separate  the  beams 
at  multiple  parasitic  crossing  points  around  the  ring  and  to 
establish  the  horizontal  crossing  angle  at  the  IP.  The  ex¬ 
perimental  solenoid  introduces  strong  x-y  coupling  in  the 
interaction  region  so  horizontal  displacement  of  the  beams 
in  the  arcs  produces  vertical  displacement  in  the  IR.  This 
coupling  can  be  parameterized  using  normal  mode  coordi¬ 
nates  and  the  C-matrix  [3]. 

The  motion  of  the  normal  mode  that  reduces  to  the  hori¬ 
zontal  in  a  region  in  which  there  is  no  coupling,  is  given  at 
any  BPM  by 

x  —  Ax  yfjx  cos  nvx  (4) 

y  =  -Ax^ffry[C22  cos nvx  +  C\2  sin nvx\  (5) 

where  Ax  is  the  overall  amplitude,  f3x  and  (3y  are  the  beta 
functions  at  the  BPM,  vx  is  the  normal  mode  tune,  and  n 
is  the  turn  number.  By  measuring  the  change  in  vertical 
orbit  at  the  IRBPMs  due  to  a  change  in  the  horizontal  pret¬ 
zel  amplitude,  for  example  by  adjustment  of  the  horizontal 
electrostatic  separators,  these  coupling  errors  can  be  de¬ 
termined  with  good  resolution.  We  take  advantage  of  the 
difference  measurement  (xe+  -  xe~)  to  reduce  systematic 
errors.  A  similar  analysis  can  be  performed  using  vertical 
kickers  in  the  ring. 

Coupling  errors  in  CESR  have  traditionally  been  mea¬ 
sured  and  corrected  by  taking  synchronous  phase  measure¬ 
ments  around  the  ring  and  comparing  the  measurements  to 
the  model  lattice  [4],  Then  we  adjust  machine  quadrupoles 
and  skew  quadrupoles  to  minimize  the  difference  between 
measured  and  design  phase  and  coupling.  This  measure¬ 
ment  is  performed  by  exciting  a  beam  normal  mode  with 
a  shaker  and  monitoring  the  relative  phase  and  amplitude 
at  each  of  the  BPMs  around  the  ring.  It  requires  that  the 
beam  be  very  nearly  centered  in  all  of  the  beam  detectors. 
Therefore,  the  separation  pretzel  is  turned  off  and  there  is 
only  one  beam  in  the  machine.  Ideally  we  would  measure 
coupling  corresponding  to  pretzel  trajectories  with  beams 
in  collision.  Guide  field  nonlinearities  and  misalignments 
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introduce  pretzel  dependent  coupling  errors  that  are  not  ac¬ 
cessible  by  the  traditional  measurement  technique.  The 
coupling  measurement  based  on  position  dependence  in  the 
IRBPMs  can  yield  high  resolution  about  the  closed  orbits 
that  correspond  to  colliding  beam  conditions. 

NEW  IRBPM  DESIGN 


where  the  last  term  represents  the  component  of  the  slope 
due  to  the  excited  b-mode  and  i>ak  =  <^BPM  -  _  *-„0. 

Typical  Twiss  parameters  for  one  of  the  IRBPMs  yield  (in 
yum/mrad) 

|^  =  1554C22  +  1666<712  +  *0^  (8) 


A  new  BPM  readout  system  has  been  designed  and  in-  With  311  anticipated  IRBPM  resolution  of  a  few  microns, 

stalled  in  one  sector  of  the  CESR  ring  including  the  IR  [5].  variation  of  crossing  angle  by  1  mrad  gives  a  resolution 

The  system  is  capable  of  measuring  the  beam  positions  on  ^22  G12  of  ~  0.001.  (The  typical  colliding  beam 

of  individual  bunches  and,  when  operating  in  its  highest  crossing  angle  is  ~  3mrad.)  The  resolution  of  the  tradi- 

precision  mode,  can  cycle  between  bunches  at  ~  100Hz.  tional  synchronous  phase  measurement  is  0.01. 

The  system’s  large  bandwidth  allows  us  to  resolve  counter-  A  useful  characterization  of  the  coupling  is  in  terms  of 
rotating  bunches  at  the  IRBPMs  which  pass  by  at  inter-  tbe  s*°Pe  °f  tbe  measured  positions  at  the  IR  detectors  ver- 

vals  as  short  as  6  ns.  This  capability  opens  up  the  possi-  sus  crossing  angle.  The  measured  slope  is  then  compared 

bility  of  monitoring  and  correcting  the  trajectories  of  col-  witb  tbe  machine  model.  As  an  example  we  consider  the 

liding  bunches.  In  machine  studies  conditions,  we  have  coupling  introduced  by  vertical  misalignment  of  the  ring 

obtained  differential  measurements  between  electron  and  sextupoles.  We  misalign  all  of  the  ring  sextupoles  accord- 

positron  bunches  with  a  resolution  of  approximately  6pm  in§  t0  a  Gaussian  distribution  defined  by  a  ~  200/zm  and 

at  the  IRBPMs.  The  system’s  resolution  is  limited  by  ADC  with  a  2cr  cutoff.  We  can  compute  both  the  change  in  C12 

and  front-end  nonlinearities,  gain  variations  between  the  at  311  of  the  beam  detectors,  and  the  change  in  the  slope 

four  independent  channels  that  read  out  the  beam  buttons,  of  V. versus  at  the  IRBPMs.  We  find  that  the  change 

the  timing  resolution  with  which  we  can  digitize  the  peak  in  is  of  order  0.01  and  just  about  at  the  resolution 
of  the  button  signal,  and  electronic  cross-talk  between  the  limit  of  the  synchronous  coupling  measurement.  But  the 
signals  from  the  most  closely  spaced  bunches.  change  in  slope  corresponds  to  position  changes  of  28pm 

for  9*  ~  \mrad.  With  a  position  resolution  of  about  6/zm, 

IRBPM  COUPLING  MEASUREMENTS  the  change  in  slope  due  t0  the  coupling  introduced  by  the 

sextupole  misalignment  is  easily  measured. 


The  horizontal  separators  that  generate  the  pretzel  pre¬ 
dominantly  excite  the  a  or  horizontal  normal  mode.  If  there 
is  no  coupling  at  the  four  kickers  then  the  a-mode  and  x- 
mode  are  equivalent  and  the  vertical  displacement  at  the 
IRBPMs  is  given  by  equation  5.  Because  there  is  in  gen¬ 
eral  finite  coupling  at  the  horizontal  kickers,  the  6-mode  is 
excited  as  well.  Therefore,  the  actual  x  and  y  displacement 
at  the  IRBPMs  is 

X  =  cos  nua 

+  Ab  \/Wa  (Cii  cos  nvb  -  Ci2  sin  nvb)  (6) 

and  similarly  for  y.  Although  the  coupling  at  the  kickers 
is  small,  the  contribution  to  the  change  in  vertical  position 
due  to  the  b-mode  excitation  is  comparable  to  the  vertical 
coupling  to  the  a-mode  at  the  IRBPMs  so  the  b-mode  con¬ 
tribution  cannot  be  ignored. 

The  horizontal  crossing  angle  is  proportional  to  the  kicks 
on  the  4  horizontal  separators  that  produce  the  pretzel.  The 
dependence  of  vertical  position  versus  the  horizontal  sepa¬ 
rator  kicks  is  given  by 


Coupling  Correction  using  Skew  Quadrupoles 

To  improve  the  quality  of  our  model  of  machine  coupling 
we  propose  to  complement  the  traditional  synchronous 
phase  measurement  data  with  measurements  of  the  re¬ 
sponse  matrix  at  the  IR  beam  position  monitors.  The  CESR 
ring  includes  12  pairs  of  skew  quadrupoles  distributed  sym¬ 
metrically  around  the  ring.  We  find  that  we  can  fit  posi¬ 
tion  data  and  phase  and  coupling  data  simultaneously  with 
suitable  adjustment  of  the  corrector  skew  quadrupoles.  A 
Levenberg-Marquardt  optimization  routine  is  then  used  to 
adjust  the  skew  quadrupoles  so  that  the  CESR  ring  model 
reproduces  the  measurements.  We  plan  to  load  the  com¬ 
puted  skew  quadrupole  strengths  into  CESR  and  then  iter¬ 
ate  the  process.  A  similar  technique,  based  exclusively  on 
the  synchronous  phase  data  [4]  has  proved  quite  successful 
correcting  optical  errors  in  the  machine  arcs,  but  not  so  in 
the  IR  where,  because  of  the  very  strong  focusing  and  com¬ 
plicated  solenoid  compensation,  additional  constraints  are 
required. 

As  an  example  of  the  leverage  of  the  position  measure- 


dy  __  y/ftbZt 

da  ~  ~2sin^^\C22^l3a^cos^ 

+^i2^Ssin^)+$(^)  <7> 


ment  in  resolving  coupling  errors  we  first  make  a  syn¬ 
chronous  measurement  of  phase  and  coupling  around  the 
ring.  A  comparison  of  the  data  Ci2  and  fitted  model  is 
shown  in  Figure  1.  The  model  is  based  on  a  fit  to  the 
measured  coupling  data,  using  skew  quadrupoles  as  fit  pa¬ 
rameters.  After  completing  the  coupling  measurement,  and 
without  changing  machine  conditions,  we  measure  the  ver- 
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Figure  1 :  Difference  between  measured  and  modeled  012 
The  fit  is  based  on  the  measured  coupling  Ci2  data. 


Measured  dependence  of  vertical  position  at  the  IR  de¬ 
tectors  on  horizontal  excitation  of  kickers  helps  remove  the 
uncertainty  in  the  coupling  in  the  interaction  region.  We 
plan  to  extend  the  measurement  and  fitting  procedure  to 
include  dependence  of  horizontal  position  on  vertical  exci¬ 
tations  so  that  we  can  remove  the  remaining  degeneracy  in 
the  machine  model.  With  a  unique  model  of  the  coupling 
optics  we  can  systematically  remove  the  optical  errors  in 
the  interaction  region  that  limit  performance. 


tical  position  at  the  IRBPMs  versus  crossing  angle  by  vary¬ 
ing  horizontal  separator  strengths.  The  data  for  the  west 
IRBPM  is  shown  in  Figure  2.  Meanwhile  we  can  predict 
the  position  dependence  based  on  the  machine  model  that 
was  used  to  predict  the  coupling  parameters  C12  shown  in 
Figure  1.  The  inconsistency  of  the  prediction  and  the  mea¬ 
surement  is  clear. 


Figure  2:  Data  points  indicate  measured  differential 
(positron  minus  electron)  vertical  position  versus  horizon¬ 
tal  crossing  angle.  The  solid  line  is  a  fit  to  the  data.  The 
dashed  line  is  the  model  prediction  based  on  a  fit  to  both 
coupling  data  and  position  data.  The  dotted  line  is  the 
model  prediction  based  on  a  fit  only  to  coupling  data. 

The  next  step  is  to  try  to  find  a  new  model  that  repro¬ 
duces  the  position  dependence  as  well  as  the  coupling  data. 
We  fit  to  position  data  and  coupling  data  simultaneously, 
again  using  skew  quadrupoles  as  fit  parameters  as  shown 
in  Figure  2.  Note  the  excellent  agreement  with  the  data. 
The  difference  between  predicted  and  measured  coupling 
data  is  shown  in  Figure  3.  The  fit  of  modeled  to  mea¬ 
sured  data  in  Figure  3  is  as  good  as  the  fit  in  Figure  1. 
But  the  model  used  in  Figure  3  also  reproduces  the  posi¬ 
tion  data.  Evidently,  the  measurement  of  position  at  the  IR 
detectors  can  be  used  to  remove  the  degeneracy  in  the  mod¬ 
eled  machine  coupling  and  to  reduce  coupling  errors  at  the 
collision  point. 
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COLLISION  ASSURANCE 

Having  corrected  the  coupling  we  would  like  to  de¬ 
velop  the  capability  to  monitor  relative  displacement  of  the 
beams  at  the  IP  by  interpolation  from  the  pair  of  IRBPMs. 
As  described  above,  it  is  straightforward  to  extrapolate  hor¬ 
izontal  and  vertical  position  differences  measured  at  the 
detectors  to  the  interaction  point.  The  measurement  res¬ 
olution  of  the  detectors  at  present  is  about  6/jm  which  cor¬ 
responds  to  an  uncertainty  of  also  about  6/im  in  the  rela¬ 
tive  positions  at  the  IP  or  about  one  and  a  half  times  the 
vertical  beam  size  (a*  ~  We  expect  that  with  bet¬ 

ter  understanding  of  the  systematics  and  implementation 
of  improvements  to  the  electronics  described  above,  that  a 
resolution  of  a  fraction  of  the  beam  size  can  be  obtained. 

CONCLUSIONS 

The  traditional  method  of  synchronous  phase  measure¬ 
ment  for  characterizing  optics  in  CESR  lacks  the  resolu¬ 
tion  to  adequately  identify  transverse  coupling  errors  at  the 
collision  point.  The  measurement  requires  a  single  beam 
on  axis,  rather  than  along  the  design  pretzel  trajectory.  In 
addition,  because  only  one  element  of  the  coupling  matrix 
is  measured,  the  fitted  model  is  degenerate.  The  new  high 
resolution  beam  position  monitors  yield  a  measurement  of 
the  response  matrix  with  an  order  of  magnitude  better  reso¬ 
lution  and  the  redundancy  necessary  to  remove  this  degen¬ 
eracy.  We  anticipate  that  the  new  system  will  give  a  unique 
determination  of  the  coupling  in  the  IR. 

The  authors  would  like  to  thank  the  CESR  operations 
group  for  their  support  of  this  work. 
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Figure  3:  Difference  between  measured  and  modeled  C12. 
The  fit  is  based  on  the  measured  coupling  C\2  data  and  the 
IRBPM  position  dependence. 
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Abstract 


Magnet  power  supplies  are  critical  components  of  a  stor¬ 
age  ring.  The  performance  of  power  supplies  directly  im¬ 
pacts  the  stability  and  reliability  of  the  storage  ring  op¬ 
eration.  There  are  several  type  of  DC  power  supplies  in 
Duke  FEL  storage  ring.  The  performance  data  of  power 
supplies  can  be  collected  in  a  non-interruptive  manner  by 
an  EPICS  archiver  or  by  a  MATLAB  program.  MATLAB 
based  tools  have  been  developed  to  analyze  the  power  sup¬ 
ply  data  collected  during  the  operation.  Careful  evaluation 
of  data  allows  us  to  identify  a  power  supply  with  degraded 
performance  and  provide  a  reference  to  perform  preventive 
maintenance. 


INTRODUCTION 

The  Duke  storage  ring  was  designed  to  accommodate  a 
variety  of  FELs  [1].  There  are  several  type  of  DC  power 
supplies  used  to  power  dipole,  quadrupole,  sextupole,  and 
corrector  magnets.  The  performance  of  these  power  sup¬ 
plies  directly  impacts  the  stability  and  reliability  of  the 
storage  ring  operation.  For  example,  a  bad  power  supply 
may  change  the  transverse  tune,  chromaticity,  and  orbit 
of  the  stored  beam.  So  it  is  important  to  pay  enough  at¬ 
tention  to  these  power  supplies.  The  efforts  that  we  have 
made  to  improve  the  performance  of  power  supplies  in¬ 
clude  the  following  two  parts:  (1)  modifying  and  tuning 
power  supplies  to  meet  their  specifications  [2];  (2)  main¬ 
taining  power  supplies’  performance  for  operation.  In  this 
paper,  we  will  present  the  method  to  monitor  the  perfor¬ 
mance  of  the  power  supplies. 

Two  kinds  of  tools  are  used  to  log  the  performance  data 
of  the  Duke  storage  ring  power  supplies.  One  is  the  EPICS 
archiver  [3]  which  has  been  configured  to  log  the  set  and 
readback  current  of  power  supplies  in  a  non-interruptive 
manner.  It  usually  works  at  a  relatively  low  sampling  rate. 
The  sampling  rate  can  be  chosen  to  meet  the  real  opera¬ 
tion  need.  For  performance  reason,  the  archiver  will  be 
automatically  disabled  during  ramping.  Another  tool  is  a 
MATLAB  based  tool,  “srmonitor”,  which  we  have  devel¬ 
oped  to  log  data  at  a  higher  sampling  rate.  It  logs  not  only 
the  power  supply  data  but  also  other  important  parameters 
of  the  storage  ring.  This  tool  is  usually  used  in  machine 
studies.  For  example,  it  can  monitor  the  stability  of  power 
supplies  and  the  beam  orbit  with  a  fixed  lattice,  as  well  as 
log  the  ramping  data  for  further  analysis. 
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POWER  SUPPLY  PERFORMANCE 
ANALYSIS 

To  analyze  the  performance  of  power  supplies,  we  have 
developed  a  set  of  MATLAB  based  tools.  These  tools  arc 
used  to  read  data  from  the  EPICS  archiver,  convert  the  data 
to  the  MATLAB  format,  and  analyze  them.  The  data  are 
analyzed  by  computing  the  difference  between  readback 
and  set  current  of  each  power  supply  and  the  peak-to-peak 
value  of  this  difference  (see  Eq.  1). 

A/  =  7set  -  7read 

AIpp  =  max(AI)  —  rmn(A7) 

(1) 

where  /set  an^  /^ad  ^  se*  read  back  currents  respec¬ 
tively,  A 7  is  their  difference,  and  AIpp  is  the  difference 
between  maximum  and  minimum  A 7. 

The  power  supplies  of  Duke  FEL  storage  ring  can  be 
divided  into  two  groups.  The  first  group  of  power  sup¬ 
plies,  such  as  corrector  and  quadrupole  trim  supplies,  usu¬ 
ally  work  at  a  relatively  low  or  near  zero  current  level.  The 
AIpp  is  used  as  the  performance  merit  for  this  type  of  sup¬ 
plies.  Another  group  of  power  supplies,  such  as  dipole  and 
quadrupole  supplies,  usually  work  at  a  relatively  high  cur¬ 
rent  level.  For  this  type  of  power  supplies,  the  normal¬ 
ized  peak-to-peak  value  is  calculated  for  performance  as 
follows: 

A  T  AIpp 

a/NPP  =  —j — • 

-*set 

The  performance  of  each  group  of  power  supplies  is 
usually  plotted  in  separate  bar  charts:  (1)  main  magnet 
supplies,  including  dipole  and  quadrupole  supplies;  (2) 
quadrupole  trim  supplies;  (3)  orbit  corrector  supplies.  The 
difference  between  readback  and  set  current  of  each  power 
supply  is  also  plotted  as  s  function  of  time  for  detailed  anal¬ 
ysis. 

The  power  supply  performance  has  been  analyzed 
weekly.  To  cover  a  wide  energy  range  of  operation  in  the 
entire  week,  the  laigest  peak-to-peak  performance  of  each 
power  supply  is  plotted  on  the  bar  chart  for  the  worst  case 
scenario  analysis. 

The  measured  power  supply  performance  is  sometimes 
distorted  by  the  accuracy  of  the  control  and  readback  sys¬ 
tem.  For  example,  the  Walker  supplies  powering  straight 
section  quadrupoles  are  read  by  a  14-bit  CAMAC  SAM 
ADC  with  auto-gain  which  has  a  relative  accuracy  of  300 
ppm.  The  specification  of  power  supply  and  the  measure¬ 
ment  accuracy  of  the  control/readback  system  are  listed  in 
Table  1. 
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Table  1:  Power  Supply  Specification  and  Measurement 
System  Accuracy  at  1  GeV  _ 


Magnet 

Family 

Power 

Supplies 

peak-to-peak 

Spec. 

Meas. 

Accuracy 

Dipole 

Arc  Quad. 

SS  Quad. 
Orbit  Trim 
Quad.  Trim 

PEI 

Bruker 

Walker 

Corrector 

Corrector 

50  ppm 

50  ppm 

100  ppm 

2  mA 

2  mA 

<  20  ppm 

<  20  ppm 
300  ppm 
<  1  mA 
~  1  mA 

Fig.  1  and  Fig.  2  show  the  logged  data  of  main  magnet 
and  horizontal  orbit  corrector  supplies  on  Dec.  13,  2002 
at  700  MeV.  With  the  exception  of  one  Walker  supply,  all 
power  supplies  seem  to  be  operating  normally  within  the 
limits  of  the  measurement  system. 


Figure  1:  Peak-to-peak  values  of  main  magnet  supplies. 
The  first  supply  is  PEI,  followed  by  4  Bruker  and  17  Walker 
supplies. 


Orbx  Trims,  Enemy  -  r7001  MeV 


Figure  2:  Peak-to-peak  values  of  X  orbit  correctors. 

To  reveal  the  problem  of  a  misbehaving  power  supply, 
the  detailed  performance  data  is  plotted  as  the  function  of 


operation  time.  As  an  example,  when  analyzing  the  data  on 
Feb  18, 2003,  we  found  the  normalized  peak-to-peak  value 
of  the  PEI  supply  powering  the  dipole  magnets  was  90  ppm 
which  was  about  twice  of  its  specification.  Plotting  the  dif¬ 
ference  between  the  readback  and  set  current,  we  found  that 
it  varied  by  30  mA  (see  Fig.  3).  This  problem  was  reported 
and  has  been  investigated. 


Figure  3:  Performance  of  dipole  magnet  supply  ( PEI).  The 
difference  between  the  readback  and  set  current  varied  by 
about  30  mA. 


OTHER  ANALYSIS  BASED  ON  THE 
ARCHIVED  DATA 

Besides  for  power  supply  performance  analysis,  the 
logged  data  can  also  be  used  to  characterize  the  ramping 
performance  and  orbit  stability. 

Ramping  Analysis 

There  are  several  operation  modes  for  the  Duke  storage 
ring,  most  of  which  need  energy  ramping  after  injection. 
The  control  system  is  developed  based  on  physics  quanti¬ 
ties.  The  energy  ramping  can  be  carried  out  by  stepping  the 
energy  knob  [4].  The  “si-monitor”  has  been  used  to  log  the 
ramping  data  (see  Fig.  4).  Since  the  energy  ramping  is  a 
relatively  fast  procedure,  the  sampling  rate  for  “si-monitor” 
is  chosen  as  1  Hz.  Using  the  logged  data,  the  following 
effects  can  be  studied: 

•  missed  current  setpoints  during  energy  ramping; 

•  the  accuracy  that  readback  tracks  the  setpoint; 

•  the  overshoot  at  the  end  of  ramping; 

•  lifetime  and  orbit  stability  during  ramping. 

For  example,  from  Fig.  4,  we  can  see  there  are  no  missed 
points  during  the  ramping,  and  the  the  readback  tracks  the 
setpoint  well.  The  current  dependency  is  more  than  linear 
after  800  MeV,  indicating  that  the  field  begin  to  saturate. 
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solving  soon  [5]. 

CONCLUSION 

Several  misbehaving  power  supplies  have  been  found  by 
analyzing  the  logged  data  using  these  tools.  The  results 
have  been  reported  for  maintenance  reference.  Besides  for 
the  analysis  of  power  supply  performance,  the  tools  can 
also  be  used  to  do  a  variety  of  analysis,  which  are  also  very 
useful  to  improve  the  performance  of  the  ring. 
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Orbit  Stability  Monitoring 

Using  the  logged  data,  the  orbit  reproducibility  and  sta¬ 
bility  during  operation  can  be  analyzed.  The  following  is 
an  example  of  such  analysis  using  the  orbit  data  at  BPM 
E02QF  (see  Fig.  5).  The  data  were  logged  with  a  fixed  stor¬ 
age  ring  lattice  without  orbit  feedback.  For  this  BPM,  the 
worst  orbit  reproducibility  among  all  fills  was  about  180 
fim  horizontally  and  20  (im  vertically.  During  the  run  after 
refill,  the  max  orbit  drift  was  about  140  fim  horizontally 
and  16  (im  vertically.  It  is  worth  pointing  out  that  part  of 
the  orbit  drift  was  due  to  the  current  dependency  of  BPM 
readings.  This  problem  is  been  investgated  and  will  be  re- 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


STATUS  OF  THE  BOOSTER  SYNCHROTRON  FOR  DUKE  FEL  STORAGE 

RING* 

S.Mikhailov#,  V.Litvinenko,  M.  Busch,  M.  Emamian,  S.Hartman,  LPinayev,  V.Popov,  G.Swift, 
P.Wallace,  Y.Wu,  FEL  Laboratory,  Duke  University,  Durham,  NC  27708,  USA 

N.Gavrilov,  Yu.  Matveev,  D.Shvedov,  N.Vinokurov,  P.Vobly 
Budker  Institute  of  Nuclear  Physics,  Novosibirsk,  Russia 


Abstract 

In  this  paper  we  present  current  status  of  the  Booster 
Synchrotron  for  the  Duke  FEL  storage  ring.  The  Booster 
which  is  recently  under  design,  fabrication  and 
construction,  will  provide  full  energy  injection  into  the 
storage  ring  at  energy  from  0.3  to  1.2  GeV.  The  Duke 
storage  ring  FEL  (SR  FEL)  operates  in  lasing  mode  with 
193-700  nm  wavelength  range.  The  geometry  of  the  Duke 
SR  FEL  provides  for  interacting  head-on  collision  of  e- 
beam  and  FEL  photons.  This  mode  of  operation  is  used  to 
generate  intense  beams  of  y-rays  from  2  MeV  to  about 
200  MeV  (currently  from  2  MeV  to  58  MeV).  Generation 
of  y-rays  with  energy  exceeding  20  MeV  causes  the  loss 
of  electrons,  which  will  be  replaced  by  injection  from  the 
Booster  operating  in  a  top-off  mode.  The  paper  presents 
design  and  status  for  elements  of  magnetic  system  and 
vacuum  system,  as  well  as  design  and  parameters  of  fast 
extraction  kicker  with  11  nS  pulse  duration.  All  these 
element  are  designed  and  will  be  fabricated  by  Budker 
Institute  of  Nuclear  Physics,  Novosibirsk,  Russia. 

BOOSTER  LATTICE  AND  DESIGN 

The  Duke  Booster  synchrotron  is  relatively  compact 
31.9  m  circumference  machine  with  race-track  shape 
(fig.2).  Two  arcs  are  separated  by  6.24  m  straight  sections 
accommodating  RF  cavity,  injection  and  extraction 
kickers  and  septum  magnets.  The  total  circumference  of 
the  machine  is  exactly  19  RF  wave  lengths  of  the  storage 
ring.  Since  the  initial  reported  version  of  design  [1]  we 
increased  the  length  of  the  straight  sections  by  one  RF 
wave  each.  RF  frequencies  of  the  main  Duke  storage  ring 
and  the  Booster  are  identical.  Two  additional  defocusing 
quads  were  also  added  into  the  straight  sections.  These 
modifications  allowed  us  to  relieve  aperture  constrains  for 
single  kick  vertical  injection  and  extraction  [2]. 

The  lattice  of  the  Booster  consists  of  6  effective  triplets, 
two  of  them,  those  in  the  middle  of  the  arcs,  have  a  virtual 
defocusing  quads  made  by  vertically  focusing  dipole 
edges.  Lattice  is  optimized  for  the  fast  1 1  nS  pulse  kicker 
providing  for  the  single  bunch  extraction  [2].  One  of  the 
major  requirements  for  the  magnetic  design  was  fitting 
the  Booster  into  existing  storage  ring  room  to  avoid  cost 
extensive  building  construction. 

The  shortest  operation  cycle  is  2.5  sec  (Fig.l)  which  is 
determined  by  maximum  required  average  extraction  rate 
from  the  Booster  to  the  storage  ring  of  up  to  4-5  nC/sec. 
Therefore,  the  ramp  of  energy  from  injection  £=0.27  GeV 

♦Supported  by  the  Dean  of  Natural  Sciences,  Duke  University 
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Figure  1:  Booster  shortest  operation  cycle  T=2.5  sec. 


to  extraction  of  up  to  £=1.2  GeV  has  to  be  as  short  as  0.5- 
0.8  sec. 

MAGNETIC  SYSTEM 

Magnetic  system  of  the  Booster  includes  12  bending 
magnets  with  parallel  edges,  8  focusing  and  8  defocusing 
quadrupoles,  injection  and  extraction  septum  magnets  of 
Lamberson  type,  4  focusing  and  4  defocusing  sextupoles 
for  chromaticity  correction,  4  strong  (10  and  12  mrad) 
vertical  trim  dipoles  producing  a  local  orbit  bump  prior  to 
injection  and  extraction,  and  four  weak  (up  to  2  mrad  at 
£=1.2  GeV)  horizontal  trim  dipoles  for  injection  and 
extraction  orbit  correction.  All  the  bending  dipoles  and 
quadrupoles  of  the  Booster  are  fed  by  single  power  supply 
[2]  with  maximum  current  /=700  A  for  £=1.2  GeV 
(Fig.l).  There  is  also  vertical  orbit  trim  in  each  quad  and 
horizontal  orbit  trim  in  each  bending  dipole.  The 
maximum  strength  of  those  trims  at  £=1.2  GeV  is  1.75 
mrad  for  the  vertical  in  quads  and  10.5  mrad  for  the 
horizontal  in  the  dipoles. 

There  are  three  quadrupole  families,  two  focusing 
(QF1  and  QF2)  and  one  defocusing  (QD).  Parameters  of 
the  quads  are  listed  in  Table  1.  The  aperture  of  the  quads 
is  D=50  mm  The  required  variety  of  the  quad  strengths  is 
provided  by  combination  of  three  types  of  coils  and  two 


Table  1:  Parameters  of  Booster  quadrupoles 


Type 

Qt 

Turns 

Leff 

Lcore 

£=1.2  GeV 

y 

per 

pole 

[cm] 

[cm] 

Gniax 

[T/m] 

K1 

[m'2] 

QF1 

4 

10 

0.151 

0.146 

27.62 

6.901 

QF2 

4 

7 

19.54 

4.882 

QD 

8 

3 

0.131 

0.125 

8.37 

2.092 

0-7803-7738-9/03/$  17.00  ©  2003  IEEE 
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Figure  2:  Layout  and  parameters  of  the  Booster  synchrotron 


types  of  cores.  The  coils  have  the  same  shape  but  different 
number  of  turns  (10,  7  and  3  for  QF1,  QF2  and  QD 
respectively).  The  cores  are  the  same  in  cross  section  and 
different  in  length  (see  Table  1).  Besides  of  the  vertical 
orbit  correction  coils  (120  turns  per  pole,  Im(U=6  A)  each 
quad  also  has  gradient  correction  of  up  to  AG/Gm(U=  3.5% 
for  QF1  (40  turns  per  pole,  4^=6  A). 

The  core  of  the  quads  is  made  of  Stabocor  940-50A  low 
carbon/low  silicon  laminated  steel  with  0.5  mm  thick 
laminations.  The  poles  are  shimmed  to  minimize  2D 
harmonic  contents  to  be  within  |M>2|<±5xlO~5  for  n=6, 
10,  14,  and  18  at  74=2.4  cm  for  any  current  up  to  7=700 
A.  A  comprehensive  end  chamfer,  optimized  for  the 
minimum  integral  harmonic  content  (\Jbnds! jb2ds\<  ±3.6x 
10  ,  n=6,  10,  14,  and  18,  at  74=2.4  cm,  for  the  quads  of 
all  types  at  any  current  up  to  7=700  A),  also  provides 
against  3D  edge  saturation  during  the  fast  ramp  of  current. 


Figure  3:  General  view  of  QF1  quadrupole. 


The  bending  dipoles  have  maximum  field  £*^=1.76  T  at 
£=1.2  GeV  in  27  mm  gap  and  effective  magnetic  length 
V=U9  m.  Each  dipole  has  a  trim  coil  capable  of 
correction  up  to  AB/B^l^c  (60  turns  per  pole,  7*^=6 
A).  For  the  end  chamfers  we  accepted  the  shape 
developed  for  a  dipole  designed  for  10  Hz  operation  cycle 
[3].  To  fabricate  the  dipole  cores  we  use  1  mm  thick 
laminations  of  Stabocor  1 500-1 00SG  low  carbon  steel. 
Stabocor  steel  is  produced  with  a  layer  of  glue  on  the 
sheets.  To  fabricate  the  parts  of  the  core  for  both  quads 
and  dipoles  their  laminations  are  stacked  in  fixtures  under 
specific  pressure  and  then  baked  out.  This  makes  the  core 
practically  solid,  so  that  its  parts  may  be  machined, 
drilled,  etc.  The  stacking  factor  for  the  magnetic 
simulations  was  assumed  to  be  0.98. 

The  other  magnetic  elements,  such  as  septum  magnets, 
sextupoles  and  trim  dipoles  are  solid,  their  capability  of 
fast  field  ramping  is  tested.  We  re-use  existing  sextupoles 
(D=60  mm)  and  weak  dipole  trims  (72  mm  gap). 
Simulations  and  optimization  for  all  the  magnetic 
elements  of  the  Booster  have  been  done  with  the  use  of 
MERMAID  3D  code  [4]. 


Figure  4:  General  view  of  the  Booster  dipole  (core). 
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Figure  5:  Arc  periodic  vacuum  chamber  (dipole  &  quad). 


VACUUM  SYSTEM  AND  KICKERS 

The  Booster  has  a  stainless  steel  vacuum  chamber.  The 
arc  chamber  consists  of  6  identical  pieces  (dipole  &  quad 
chambers).  The  dipole  part  of  that  periodic  piece  (Fig.5)  is 
fabricated  of  3"  OD  pipe  with  0.049"  thick  wall.  Stay 
clear  area  in  the  dipole  is  an  ellipse  of  107x24.5  mm. 

Each  periodic  piece  of  the  arc  chamber  accommodates 
a  vacuum  pump.  In  the  arcs  we  install  6  NMD-0.1  (100 
1/sec)  and  6  PVIG-100/160  Russian  ion  getter  pumps  [5]. 
The  latter  are  equipped  with  a  TSP  module.  We  also 
install  nine  20 1/sec  Varian  pumps  in  the  straight  sections. 

The  calculations  of  the  vacuum  pressure  distribution 
along  the  Booster  ring  showed  that  at  injection  £=0.27 
GeV,  100  mA  beam  current,  initially  we  can  expect 
maximum  pressure  -1.5-2X10-6,  and  after  few  weeks  of 
SR  cleaning  it  will  drop  down  to  ~2xl  0“9.  The 
corresponding  life  time  determined  by  the  scattering  on 
the  residual  gas  initially  may  be  expected  as  low  as  4-5 
sec,  however  after  the  SR  cleaning  it  should  increase  up  to 
50  min. 

One  of  the  most  challenging  part  of  the  Booster  project  is 
the  single  bunch  extraction  kicker  with  11  nS  pulse 
duration.  The  prototype  of  such  a  kicker  has  been 
fabricated  and  successfully  tested,  the  design  of  real 
kickers  is  finished.  Fig.6  plots  their  cross  section.  The  use 
of  novel  pseudo-spark  thyrotron  type  commutators  for  the 


Uniformity  *  -Z.0(U  E||  =  371'*.S[V/»-»i) 
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Figure  6:  Extraction  kicker  for  the  Booster.  Blue  color 
shows  2  %  homogeneity  region.  Vacuum  pipe  OD=80 
mm 


Figure  7:  Extraction  kicker  pulse  obtained  with  the  use  of 
fast  pseudo-spark  commutators  (thyrotrons) 

kicker  drivers  is  suggested  instead  of  spark  gaps 
commonly  used  for  the  very  short  pulses.  The  pseudo- 
spark  commutators  easily  cover  the  entire  voltage  range 
required  for  the  energy  range  0.27-1.2  GeV.  Fig.  7  shows 
the  pulse  shape  measured  on  the  kicker  driven  by  the 
pseudo-spark  commutators. 

CONCLUSIONS 

The  design  of  the  magnetic  elements  and  the  arc  vacuum 
chamber  of  the  Booster  is  finished  and  their  fabrication 
started.  Design  of  the  vacuum  chamber  for  the  straight 
sections  and  design  of  the  magnet  supports  with  cooling 
pipes  are  to  be  finalized.  Existing  RF  system  from  the 
storage  ring  will  be  used  for  the  Booster  after  replacement 
by  new  RF  with  HOM  damping.  The  disassembly  of  that 
existing  RF  system  and  installation  of  the  new  one  into 
the  storage  ring  is  planned  for  February  -  April  2003. 
Booster  main  power  supply  is  recently  under  construction 
and  testing.  Magnetic  elements  will  arrive  to  Duke  along 
with  the  vacuum  chambers,  kickers  and  magnet  supports 
in  May  2004.  We  plan  to  start  the  installation  of  the 
Booster  on  Summer  -  Fall  2004  and  commission  it  during 
fist  half  of  2005.  The  entire  project,  including 
modification  of  the  north  straight  section  of  the  storage 
ring  for  the  injection  from  the  booster,  installation  and 
commissioning  of  new  linac-to-booster  and  booster-to- 
ring  transfer  lines,  shell  be  completed  in  2005  -  2006. 
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Table  1:  Main  parameters  of  the  Booster  (at  1.2  GeV) 


Abstract 

In  design  of  full  energy  Booster  injectors,  commonly 
used  in  the  modem  accelerator  facilities,  there  is  a 
tendency  of  avoiding  saturation  of  the  magnetic  elements 
in  order  to  avoid  losses  associated  with  tune  change 
during  the  energy  ramp.  Typical  maximum  field  in  the 
bending  magnets  of  the  modem  Booster  projects  of  1.0- 
1.4  T  results  in  the  large  circumference.  For  0.27-1.2  GeV 
full  energy  Booster  injector  for  the  Duke  FEL  storage 
ring,  recently  under  design  and  fabrication,  there  was  an 
ultimate  goal  to  fit  it  into  existing  storage  ring  room  to 
avoid  cost  extensive  building  construction.  Therefore,  the 
Booster  ring  has  to  be  compact,  therefore  the  maximum 
field  in  the  bending  magnets  was  accepted  1.76  T.  With  a 
different  level  of  saturation  in  the  bending  magnets, 
focusing  and  defocusing  quadruples  it  was  not  possible  to 
avoid  a  tune  change  with  the  energy  rise.  However,  the 
ratio  of  saturation  levels  for  the  elements  was  optimized 
to  avoid  crossing  of  any  significant  resonance  while 
ramping  through  the  entire  energy  range.  The  lattice  was 
simulated  for  different  energies  based  on  the  results  of  3D 
calculations  of  the  magnetic  elements  with  the  use  of 
MERMAID  3D  code  [1].  Another  challenging  part  of  the 
design  was  supplying  all  the  dipoles  and  quadruples  by 
single  power  supply. 

BOOSTER  LATTICE 

A  fast  Booster-shynchrotron  providing  for  a  full  energy 
top-off  injection  is  commonly  accepted  in  nowadays  an 
integral  part  of  any  modem  accelerator  facility, 
specifically  for  SR  facility.  The  one  for  the  Duke  FEL 
storage  ring  was  proposed  in  the  year  2000  as  a  part  of  the 
DOE  proposal  to  improve  drastically  performance  of  the 
High  Energy  y  Source  (HlyS)  at  Duke  [2,  3]. 

The  Booster  will  provide  for  top-off  replacement  of  up 
4  nC/sec  of  electron  loss  while  producing  intensive  y-rays 
beam  of  high  energy.  Extraction  energy  must  be  variable 
within  0.3- 1.2  GeV  range.  Existing  270  MeV  linac  will  be 
injector  for  the  Booster.  The  RF  frequencies  of  the 
Booster  and  the  storage  ring  are  identical.  The  odd  ratio  of 
the  harmonic  numbers  of  the  ring  and  the  Booster  64/19 
provides  for  extraction  of  individual  bunch  from  any 
bucket  of  the  Booster  into  selected  RF  buckets  of  the 
storage  ring.  The  lattice  is  optimized  for  the  fast  1 1  nS 
pulse  kicker  providing  for  the  single  bunch  extraction. 
The  value  of  that  kick  has  to  be  as  low  as  possible.  Thus, 
we  have  chosen  vertical  single  kick  symmetrical 
injection/extraction  scheme  with  ft=25  m  (Fig.2)  at  the 
location  of  the  kickers  and  septum  magnets.  Qy~l/2 
allows  to  install  them  in  the  opposite  straight  sections. 

*This  work  is  supported  by  the  Dean  of  Natural  Sciences,  Duke  University 
smikhail@fel.duke.edu 


Maximum  beam  energy  [GeV] 

1.2 

Injection  energy  [GeV] 

0.27 

Average  beam  current  [mA] 

100 

Circumference  [m] 

31.902 

Bending  radius  [m] 

2.273 

RF  frequency  [MHz] 

178.55 

Number  of  bunches 

8-19 

Shortest  operation  cycle  [sec] 

2.5 

Energy  rise  time,  min  [sec] 

0.5  -0.8 

Beam  emittance  £x,  £y  [nmrad] 

350/ 15 

Maximum  fij  0/  r\x  [m] 

25.4/9.4/1.4 

Betatron  tunes  QJQy 

2.43/0.46 

Momentum  compaction  factor 

0.153 

Natural  chromaticity  CJCy 

-1.7/ -3.7 

Damping  times  txJ  t5  [mS] 

3.16/1.58 

Energy  loss  per  turn  [KeV] 

80.7 

Energy  spread  oE/E 

6.8-10'4 

Magnetic  Svstem: 

Dipoles  (G=2.7  cm):ea./Bm4tt[T]/L,#[rn] 

12/1.76/1.19 

Quadruples  (D=5.0  cm): 

QF1:  ea./  Gmax  [T/m]/  Leff  [m] 

4/27.6/0.151 

QF2:  ea./  Gmax  [T/m]/  Leff  [m] 

4/19.5/0.151 

QD  :  ea./  G^  [T/m]/  Leg  [m] 

8/  8.4/0.131 

Supplied  by  the  same  current  / ^  [A] 

700 

Sextupoles  (D=6.0  cm): 

SF:  ea./  B"max  [T/m2]/  L#[m] 

4/100/  0.098 

SD:  ea./  B"^  [T/m2]/  Leff[m] 

4/  70/0.098 

We  have  originally  planned  a  single  turn  injection  [4], 
though  stacking  is  also  considered.  The  orbit  is  pre¬ 
distorted  prior  to  the  kick  by  strong  vertical  trim  dipoles 
located  in  the  injection/extraction  straight  section  and 
providing  for  10  mm  local  orbit  bump  at  septum  magnets. 
The  pre-distortion  of  the  orbit  relieves  vertical  aperture 
constrains  associated  with  27  mm  dipole  gap  (-24  mm 
stay-clear).  The  kick  value  required  for  the 
injection/extraction  is  0.675  mrad.  The  designed 
repetition  rate  for  the  extraction  kicker  is  up  to  25  Hz. 


Figure  1:  Layout  of  the  Booster  synchrotron  in  the  North- 
East  comer  of  the  Duke  FEL  storage  ring  building, 
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x  (fill 


Figure  2:  (3-fimction  and  dispersion  in  the  Booster  ring. 

MAGNETIC  DESIGN 

Use  of  single  power  supply  for  all  magnets 

To  obtain  required  injection  rate  for  the  designed  stored 
beam  current  the  Booster  must  have  2.5  sec  operation 
cycle.  The  energy  has  to  ramp  through  the  entire  energy 
range  0.27*1.2  GeV  within  0.5-0.8  sec.  This  is  fast 
enough  to  consider  supplying  of  all  bending  magnets  and 
quads  by  the  same  power  supply  in  order  to  avoid  the 
current  synchronization  problems.  Minimization  of  a 
variety  of  the  quad  families  is  a  major  concern  in  the 
lattice  design  of  a  ring  fed  by  single  power  supply.  In  the 
Booster  we  use  only  two  focusing  and  one  defocusing 
families  (see  Table  1).  Out  of  cost-saving  and  robustness 
consideration,  the  bending  dipole  has  been  constrained  to 
be  rectangular  type.  The  required  variety  of  the  quad 
strengths  is  provided  by  combination  of  three  types  of 
coils  and  two  types  of  iron  cores.  The  coils  have  the  same 
shape  and  different  number  of  turns  (10,  7  and  3  for  QF1, 
QF2  and  QD  respectively).  The  cores  are  the  same  in 
cross  section  and  different  in  length  (146  mm  for  QF1, 
QF2  and  125  mm  for  QD). 

All  the  dipoles  and  quads  are  laminated  and  have 
extensive  end  chamfers  optimized  both  for  the  harmonic 
content  and  for  the  fast  ramp  [4,  5]. 

Cure  of  non-linearity  of  the  magnets 

The  major  cost-saving  requirement  of  fitting  the 
Booster  into  existing  storage  ring  room  (Fig.l)  imposes 
strong  limitation  on  its  circumference  and,  therefore,  on 
the  bending  radius  of  the  dipoles.  On  the  other  hand,  we 
tried  to  make  possible  an  efficient  full  range  energy  ramp 
without  any  trimming,  only  by  ramping  the  main  current. 
From  some  level  of  the  maximum  field  in  the  dipole  in 
becomes  simply  impossible.  The  maximum  of  1.76  T  was 
found  as  a  good  compromise.  The  saturation  of  the  poles 
at  this  field  still  significantly  effects  the  lattice.  Fig.  3 
shows  a  relative  effective  “loss”  of  the  field  and  gradient 


Figure  3:  Effective  ”loss”  of  field/gradient  in  the  core  of 
the  dipole  and  quadrupoles  ABe/B ,  AGe/G  vs.  energy. 


in  the  core  of  the  dipole  and  quadrupole  magnets  due  to 
the  finite  permeability  of  the  iron.  The  effective  “loss”  is 
determined  taking  into  account  an  additional  saturation  of 
the  magnet  edges.  For  example,  for  dipole  it  is  AB/B=1- 
fBds/B^co  Leffinp  where  B^a 0  is  the  field  calculated  for  the 
infinite  permeability  of  the  iron  and  LeSini  is  effective 
magnetic  length  at  injection  energy.  Significant  saturation 
effect  in  the  dipole  appears  from  B-1.4  T  which  in  our 
case  corresponds  to  £=0.95  GeV.  From  that  point  the 
lattice  starts  rapidly  changing.  Fig.4  plots  calculated  drift 
of  the  betatron  tunes  on  the  energy  ramp  from  0.27  GeV 
to  1.2  GeV  for  all  quads  and  bending  magnets  fed  by  the 
same  current  with  no  trims  on.  As  one  can  see,  the  tune 
point  makes  a  zigzag  around  a  small  spot  at  the  beginning 
of  the  ramp  and  then,  from  the  level  of  £=0.95  GeV,  starts 
rapidly  floating  along  a  straight  line.  The  change  of  the 
tunes  directly  results  from  different  level  of  saturation  of 
bending  magnets,  focusing  and  defocusing  quads. 
Designing  all  the  magnetic  elements  with  the  same  level 
of  is  possible  in  principle  but  absolutely  unpractical 
because  of  huge  difference  in  their  strength  and  effective 
length.  However,  the  ratio  of  their  saturation  levels  is 
optimized  so  that  the  tune  change  is  reasonable  and  the 
tunes  do  not  cross  any  significant  resonance  through  the 
entire  energy  range.  To  find  an  optimum,  we  studied 
dependency  of  the  tune  change  AQxy  on  the  effective 
saturation  of  the  dipole  and  QF1  quad  considering  QF2 
and  QD  practically  linear.  We  observed  that  the  total  tune 
drift  distance  is  approximately  proportional  to  the  non¬ 
linearity  of  the  field  loss  in  the  dipole,  while  direction  of 
the  drift  is  determined  by  the  ratio  of  effective  saturation 
levels  of  the  dipole  and  QF1  (Fig.5).  The  range 
AGQFief/GQFi~l.&-3.9  %  was  found  relatively  “safe”. 
Thus,  we  accepted  AGQFle/GQF1=2A  %  for  the  QF1.  This 
allows  some  safety  margins  for  the  uncertainty  of  the 
magnetic  properties  of  the  iron  and  its  packing  factor. 

Though  the  Booster  is  designed  with  sufficient  number 
and  strength  of  trims  in  the  magnets  anyway  [5],  this 
approach  relieves  the  requirements  on  the  synchronization 
of  the  trim  currents  during  the  energy  ramp. 
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for  AG fiej/G fi-23  %  and  the  lower  curve  (0)  for  3.9  %. 

Compensation  of  chromaticity 

Significant  saturation  of  the  dipole  at  the  field  higher 
than  1.4  T  also  causes  nonlinear  growth  of  sextupole 
component  distributed  along  the  dipole  (body  sextupole). 
Fig.6  shows  dependency  of  the  normalized  integrated 
body  sextupole  along  with  the  edge  sextupole  appearing 
at  the  ends  of  the  dipole.  This  latter  is  almost  constant 
over  the  entire  range  and  determined  by  geometry  of  the 
dipole  edge.  Initial  level  of  K2Lbody  at  low  energy  is  pre¬ 
set  by  the  pole  shims  to  compensate  K2Ledge  at  injection. 
The  growth  of  K2Ltody  results  in  a  growth  of  non- 
compensated  chromaticity  from  C/Cv=-1.5/-3.8  at  £=0.27 
GeV  to  Cj/Cy=-6.4/+16.5  at  £=1.2  GeV.  The  lattice  is 
also  optimized  for  favorable  locations  of  the  sextupoles 


Figure  5:  Tune  change  between  £=0.27  GeV  and  1.2  GeV 
for  different  effective  level  of  saturation  in  the  QF1  quad. 


Figure  6:  Integrated  normalized  sextupole  in  the  bending 
dipole  K2L=jB"dl/Bp  vs.  energy.  K2Ledge  is  contribution 
of  the  fringe  field  and  K2Lbody  is  body  sextupole. 

where  they  need  a  minimum  strength  to  compensate 
chromaticity  within  entire  energy  range.  This  allows  us  to 
re-use  existing  solid  yoke  sextupoles  to  be  driven  only  for 
1/8  of  their  nominal  strength.  Sextupole  component 
induced  by  the  eddy  currents  in  the  vacuum  chamber  of 
the  dipoles  during  a  fast  linear  ramp  shell  be  compensated 
by  pre-setting  the  sextupoles  to  small  constant  levels. 

CONCLUSIONS 

We  found  that  1.75  T  maximum  field  in  the  bending 
magnets  is  a  reasonable  compromise  for  a  compact 
Booster  without  pre-determined  use  of  the  trims  for  the 
tune  change  compensation.  Certainly,  there  are  a  number 
of  uncertainties  not  allowing  us  to  design  a  Booster  on  a 
paper  without  further  corrections.  Among  those  we  have 
to  mention  magnetic  properties  of  the  iron,  staking  factor 
for  the  laminated  core,  their  variation,  random  and 
systematic,  from  magnet  to  magnet,  mechanical 
imperfection  of  assembly,  residual  fields,  etc.  Thus,  the 
model  of  the  Booster  based  upon  the  results  of  magnetic 
simulations  shell  be  corrected  after  the  fabrication  and 
magnetic  measurements  of  the  real  magnets. 
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Abstract 

While  the  main  advances  in  the  Standard  Model 
probing  require  the  construction  of  very  high-energy 
colliders,  many  open  questions  still  remain  which  can  be 
answered  by  exploring  low  and  medium  energy  regions. 
In  this  framework  we  are  investigating  the  possibility  of 
upgrading  the  (j)-factory  da<|>ne  [1]  from  the  energy  of 
1.02  GeV  c.m.  up  to  the  neutron-antineutron  threshold 
(about  2  GeV  c.m.)  using  the  existing  systems  and 
structures.  The  luminosity  required  by  the  experiments  for 
a  light  quark  factory  is  of  the  order  of  few  1031  cm'2  s'1, 
easily  achievable  in  the  particle  factory  era.  The  very  first 
results  of  the  feasibility  study  are  presented. 

ENERGY  UPGRADE  OF  THE  FRASCATI 
FACTORY:  GENERAL  PROJECT 

In  the  discussion  about  the  future  plans  for  the  Frascati 
eV  factory,  one  of  the  possibilities  the  DA<|>NE  team  is 
considering  is  the  upgrade  of  the  collider  eneigy  for  new 
experiments  up  to  about  2  GeV  c.m.  The  hypothesis  called 
DAFNE2  (Double  Annular  Frascati  e+e“  factory  for  Nice 
Experiments  at  2  GeV)  is  aimed  at  the  measurement  of  the 
form  factors  of  the  nucleon  and  the  QCD  excited  states  in 

Table  1:  dafne2  Parameters 


Energy  E0 

1.0  GeV 

Luminosity  L 

l  lO32  s' cm'2 

Circumference  C 

97.69  m 

Emittance  £ 

0.5  TO  *  rad  m 

Coupling  k  =  Ex/£y 

0.009 

Beta  functions  at  IP  px*/  py* 

1.5/0.025  m 

Crossing  angle  at  IP  0X* 

±15  mrad 

Bunch  width  at  IP  ax*/  ay* 

0.95  /  0.008  mm 

Bunch  natural  length  a2 

13.9  mm 

Linear  tune  shift  £x  /  £y 

0.014/0.024 

Betatron  tunes  vx  /  vy 

5.15/5.21 

Momentum  compaction  ac 

0.009 

Number  of  bunches 

30 

Particles  per  bunch 

3-10’° 

Beam  current  Itot 

450  mA 

the  1.2  to  2-2.5  GeV  c.m.  energy  range  [2].  This 
experimental  program  can  be  realized  with  the  FINUDA  [3] 
detector  at  a  solenoid  field  of  0.3  T. 

DAFNE2  can  use  without  any  change  the  DA<j)NE 
injection  system  (linac,  damping  ring  and  transfer  lines)  at 
0.51  GeV  and  the  two  Main  Rings  with  limited  changes  in 
the  hardware  to  reach  1-1 .25  GeV  per  beam. 

Design  Parameters 

The  experimental  luminosity  requirements  are  not 
critical  for  dafne2.  This  allows  choosing  the  machine 
parameters  with  enough  freedom,  exploiting  our 
commissioning  know-how.  We  have  worked  out  new 
parameters  at  the  beam  collision  energy  of  1  GeV. 

Choosing  an  emittance  s  =  0.5T0'6  rad  m  compatible 
with  the  ring  aperture,  a  vertical  beta  function  at  the 
Interaction  Point  (IP)  and  a  coupling  factor  already 
achieved,  the  linear  tune  shift  is  /  £y  =  0.014  /  0.024, 
below  the  limit  achieved  by  DA<J>NE. 

The  horizontal  crossing  angle  at  the  interaction  point  is 
±15  mrad ,  corresponding  to  a  Piwinsky’s  angle: 

*>  =  0;^-  =  O.22 

which  has  already  been  exceeded  in  the  existing  factories. 

The  chosen  number  of  bunches  is  30  so  that,  leaving 
the  harmonic  number  h  -  120  unchanged,  we  can  inject 
both  electrons  and  positrons  out  of  collision  and  collide 
the  two  beams  by  performing  a  RF  phase  jump  [4]  after 
having  ramped  the  beam  energy  to  1  GeV. 

Once  fixed  such  parameters  (Table  1),  a  luminosity  of 
MO32  s'1  cm'2  is  straightforward  to  achieve  with  15  mA 
per  bunch  and  a  total  current  of  0.45  A. 
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Figure  2:  dafne2  ring  beta  functions  calculated  by  mad. 


MAIN  RINGS 

The  design  of  the  two  collider  Main  Rings  is 
unchanged  (Figure  1):  two  different  rings  for  positrons 
and  electrons  with  two  10  m  long  Interaction  Regions 
where  the  opposite  beams  travel  in  the  same  vacuum 
chamber.  Four  wigglers  per  ring  are  installed  in  the  arcs. 
The  existing  vacuum  chamber  is  reused. 

The  experiment  finuda  is  in  the  Interaction  Region  2 
(IR2)  and  in  the  opposite  Interaction  Region  (IR1)  two 
quadrupole  doublets  are  installed:  a  lattice  already  used 
when  only  the  kloe  detector  was  installed  [5]. 

More  study  has  to  be  done  on  the  energy  ramping,  to  be 
performed  keeping  the  betatron  tunes  constant. 

Optics 

The  main  optical  features  at  1  GeV big  (Figure  2): 

•  Only  one  low  beta  insertion  in  IR2,  where  the 
experimental  detector  is  housed  and  the  positron 
and  electron  beams  collide  at  a  horizontal  angle  of 
±15  mrad. 

•  In  IR1,  four  FDDF  quadrupoles  allow  to  separate 
the  two  beam  trajectories  with  a  vertical  bump  of 
±1  cm. 

•  Horizontal  and  vertical  beta  functions  in  the  four 
achromat  arcs,  where  the  dispersion  is  higher,  are 
separated  to  correct  both  horizontal  and  vertical 
chromaticities  with  chromatic  sextupoles. 

•  The  horizontal  beta  function  and  the  dispersion  are 
shaped  in  such  a  way  that  the  natural  emittance 
does  not  change  from  0.51  to  1  GeV  as  explained 
in  the  next  section. 

Interaction  Region  2 

The  low  beta  insertion  is  realized  with  four  FDDF 
quadrupoles  housed  inside  the  experimental  detector 
(Figure  3).  Since  they  must  be  powered  for  variable  beam 
energy,  the  only  solution  to  fit  them  inside  the  detector  is 
developing  superconducting  quadrupoles  as  for  example 
at  upgraded  HERA  [6].  Two  further  doublets  outside  the 
detector  are  realized  with  conventional  quadrupoles. 


The  finuda  solenoid  field  integral  of  0.3  T  x  2.4  m  at 
the  collision  energy  rotates  the  beam  by  an  angle  of  6° 
around  the  longitudinal  axis.  The  coupling  at  the 
Interaction  Point  and  outside  IR2  is  corrected  with  the 
rotating  frame  method  [7]:  each  quadrupole  is  rotated 
around  its  longitudinal  axis  following  the  rotation  of  the 
beam  and  two  compensating  solenoids  0.36  T  x  1  m 
provide  cancellation  of  coupling  outside  the  IR.  The 
solenoid  fields  and  the  quadrupole  rotation  angles  are 
fixed.  At  the  injection  energy  of  0.51  GeV  the  non 
vanishing  coupling  from  mismatched  quadrupole  rotation 
angles  can  be  useful  to  have  a  long  beam  lifetime  during 
ramping  and  can  be  controlled  with  the  skew  quadrupoles 
in  the  ring. 


finuda  Solenoid 

1.02°  1.97° 

(ft  (ft 

SC  Quads 


Compensation 


3*07°  Solenoid 
(ft  (ft  - - 


Conventional 

Quads 


Figure  3:  half  Interaction  Region  5  m  long  layout: 
from  the  Interaction  Point  (IP)  to  the  splitter  magnet. 


Synchrotron  Radiation  and  Emittance 


The  synchrotron  radiation  loss  per  turn  depends  on  the 
energy  and  on  the  bending  radius  in  dipoles  as: 

E 4  cds 


U, 


Cy  In  3  n 2 


The  wigglers  are  useful  at  the  injection  energy  to 
increase  synchrotron  radiation  and  decrease  damping 
times.  From  0.51  to  1  GeV  the  wiggler  field  is  kept 
constant,  since  it  is  already  near  saturation  and  the 
synchrotron  radiation  from  the  energy  increase  is  high 
enough  to  improve  damping  times  (Table  2). 

The  emittance  in  electron  storage  rings  depends  on  the 
second  power  of  the  energy  according  to: 


<H/|pj3> 

Jx<l/p2> 


and  to  have  constant  emittance  at  different  energies  the 
dispersion  invariant: 


=  rxD2  +  2<x  XDD'+PXD'2 

is  fairly  reduced  by  changing  the  Twiss  parameters  in  the 
arcs  when  the  energy  goes  from  0.51  to  1  GeV. 


Table  2:  Energy  loss  with  and  without  wigglers 


without  /  with  Wigglers 

0.51  GeV 

1  GeV 

U0 

( keV/tum ) 

4.3/ 9.3 

64.0/83.5 

(ms) 

68/40 

11/8.6 

(ms) 

41/31 

5.0/ 3.5 
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Table  3:  RF  System  and  Bunch  Parameters 


RF  peak  voltage  Vrf 

250  kV 

RF  frequency  f^p 

368.26  MHz 

Energy  loss  Urad+Uparas 

83.5  +6.5  KeV/tum 

RF  power  Pbeam+Pwal, 

40.5  + 17.5  kW 

Synchr.  frequency  fsyn 

11.7  kHz 

Magnets 

Eight  dipoles  are  installed  in  each  ring:  four  0.99  m 
long  magnets  with  a  40.5°  bending  angle  and  four  1.21  m 
long  with  a  49.5°  angle.  The  bending  field  in  present 
magnets  at  0.51  GeV  is  1.2  T  and  the  maximum  field  is 
1.7  T,  insufficient  to  reach  1  GeV:  new  stronger  dipoles 
are  needed. 

The  existing  vacuum  chamber  puts  constraints  on  the 
dipole  geometry.  With  a  different  shape  of  the  polar  shoe, 
the  same  gap  height  and  10%  longer  magnets,  we  expect 
to  achieve  the  needed  field  of  2.2  T  with  a  AB/B  =  2-10*4 
field  quality  in  the  ±3  cm  range,  using  a  ferromagnetic 
alloy  with  higher  saturation  limit  to  realize  the  dafne2 
dipoles.  More  work  and  simulations  are  in  progress  to 
study  the  features  and  the  quality  of  such  magnets. 

Existing  quadruples  and  sextupoles  allow  doubling  the 
ring  energy,  some  quadrupoles  reach  saturation,  but  we 
assume  to  avoid  it  with  further  optics  optimisation. 

RF  Parameters  and  longitudinal  bunch 
distribution 

The  DA(|>NE  RF  cavity  cooling  system  can  withstand  a 
maximum  accelerating  field  of  350  kV ,  corresponding  to  a 
RF  power  loss  of  35  kW  on  the  cavity  walls,  while  the 
maximum  RF  power  the  klystron  can  supply  is  150  kW. 
The  RF  power  to  be  delivered  to  the  beam  is  given  by 
Pbeam~  Vloss  Ibeam~  40.5  kW,  assuming  90  keV/tum  of  total 
losses  (including  the  parasitic  ones).  Since  the  required 
accelerating  voltage  is  250  kV  corresponding  to  a  RF  wall 
dissipation  of  ~17.5  kW,  the  existing  RF  system  is 
completely  compatible  with  the  required  specifications. 

Bunch  lengthening  has  been  estimated  by  performing  a 
multiparticle  tracking.  Using  the  impedance  estimates  and 
correspinding  wake  fields  calculated  for  the  present 
vacuum  chamber  [8]  in  the  turbulent  microwave  threshold 
calculations  and  in  the  bunch  lengthening  simulations,  the 
rms  bunch  length  increases  from  the  natural  value  of  13.9 
mm  (Figure  4)  to  only  15.9  mm  at  15  mA  per  bunch,  while 
the  energy  spread  remains  constant  indicating  that  the 
microwave  instability  threshold  is  not  reached  at  the 
nominal  bunch  current. 

Lifetime  and  background 

Background  and  beam  lifetime  at  DA(j)NE  are  strongly 
dominated  by  Touschek  scattering  [9].  Touschek  lifetime 
is  a  complicated  function  of  machine  parameters:  at  the 
larger  energy  and  RF  voltage  of  DAFNE2  it  will  be  less 
critical  than  at  the  present  energy.  In  fact  with  the 


Figure  4:  Charge  density  bunch  distribution  at  zero 
current  (dashed  line)  and  at  15  mA/bunch  (solid  line). 


parameters  in  Tables  1  and  3  Ttou  comes  out  to  be  650  min 
as  calculated  by  mad  with  longitudinal  acceptance 
dominated  by  RF.  Further  quantitative  simulations  will  be 
done  with  the  programs  developed  and  used  for  dac|>ne 
that  consider  the  physical  aperture  of  the  vacuum 
chamber  along  the  rings. 

Vacuum  System 

Present  layout  can  withstand  the  new  configuration.  In 
fact  in  dafne2  (0.45  A  and  1  GeV)  synchrotron  radiated 
photon  flux  is  1.8-10 20 phot/s  corresponding  to  a  power  of 
38  kW,  while  the  existing  vacuum  chamber  is  designed 
for  a  synchrotron  radiation  power  of  50  kW. 

Feedback  System 

No  change  is  needed  for  the  transverse  feedback  if  the 
betatron  tunes  stay  constant  during  the  energy  ramping. 
The  longitudinal  feedback  can  follow  the  synchrotron 
frequency  variation  in  a  large  range  with  eight 
synchronizable  filters.  Timing  is  not  critical  with  a 
synchronous  RF  phase  up  to  100  ps  (the  RF  phase  is  70  ps 
at  250  kV). 
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F.-J.  Decker,  A.  Kulikov,  M.  Sullivan,  SLAC,  Stanford,  CA  94309,  USA 


Abstract 

After  a  long  4-month  down  time  where  additional  RF 
was  installed  and  heating  problems  addressed,  the  PEP-II 
B-factory  should  be  capable  of  delivering  about  1.5  times 
the  currents.  This  can  only  be  done  by  going  to  more 
bunches  from  a  full  by-4  pattern  to  either  a  partly  filled 
by-3  or  by-2  pattern.  The  by-2  pattern  has  parasitic 
crossings,  so  the  by-3  pattern  is  the  next  candidate. 
Heating  issues  from  the  different  higher  order  modes, 
especially  in  the  longitudinal  and  transverse  feedback 
structures  are  a  concern.  Effects  from  an  electron  cloud 
seem  to  be  still  visible  in  the  by-3  and  by-2  pattern. 

1  INTRODUCTION 

Figure  1  shows  a  typical  by-3  bunch  pattern  with  short 
bunch  trains  of  10  bunches  out  of  12.  We  fill  up  to  bucket 
number  3400  out  of  3492  giving  us  about  940  bunches. 
The  details  in  the  pattern  are  mostly  caused  by  electron 
cloud  effects  (or  possibly  phase  transients).  The  train 
length,  the  beginning  after  the  abort  gap,  the  first  bunches 
of  the  train,  and  the  timing  for  the  beam  position  monitors 
(BPMs)  have  to  be  carefully  chosen. 


Figure  1 :  Luminosity  per  bunch  for  typical  by-3  pattern. 

When  we  first  switched  from  the  by-4  to  the  by-3  pattern 
excessive  vacuum  activity  was  observed  which  scrubbed 
out  after  a  few  days  (Fig.  2,  top). 

2  PATTERN  DETAILS 

2.1  Train  Length 

The  initial  switch  went  to  a  full  by-3  pattern,  then  the 
number  of  bunches  got  reduced  by  moving  to  trains  of  30 
out  of  32  and  then  trains  of  28  giving  about  1000  bunches 

*Work  supported  by  Department  of  Energy  contract  DE-AC03-76SF00515. 


(Fig.  2,  bottom).  With  28  or  later  26  bunches  in  a  train  the 
luminosity  dropped  down  about  15%  over  that  length, 
making  shorter  bunches  more  attractive.  So  we  went  to  9 
and  10  bunches  out  of  12  keeping  the  number  about 
constant  (see  Fig.  1).  Even  shorter  bunch  trains  of  5  out  of 
6  (see  Fig.  3)  were  not  successful,  since  the  luminosity 
was  5%  lower,  probably  caused  by  too  many  “first” 
bunches  in  a  train. 


HISTORY  COMPARISON 


Tine  Range:  10- JAN-2003  10:15:00.  -  22-JAN-^^^y^o^  55 


Figure  2:  Pressure  activity  (top,  in  Torr)  and  number  of 
bunches  (bottom)  when  going  from  by-4  to  a  by-3  pattern. 

2.2  First  Bunch  in  Train 

The  first  bunch  in  a  train  has  often  a  different  lifetime 
in  the  Low  Energy  Ring  (LER).  This  can  be  easily  seen  as 
less  bunch  current  at  the  end  of  a  coast,  when  the  overall 
current  decayed  from  1700  mA  to  1300  mA  or  about 
-25%  while  the  first  bunches  lose  40%.  It  is  a  difference 
when  there  are  2  or  3  bunch  spaces  free  (3  worse),  but 
there  is  also  a  difference  when  there  is  only  one  bunch 
missing  (as  in  all  cases  of  Fig.  3),  but  there  is  another  gap 
close  by. 

A  gap  causes  the  LER  bunch  to  be  less  blown  up  in  jc 
from  less  electron  cloud,  which  gives  it  less  beam-beam 
tune  shift  causing  it  to  be  more  near  a  resonance  and 
having  therefore  less  lifetime  [1].  There  are  two 
successful  ways  to  improve  this  situation  at  different 
times.  To  increase  the  tune  spread  a  lower  charge  in  the 
LER  train’s  first  bunch  can  help  its  lifetime,  since  it  loses 
charge  anyway  faster.  Sometimes  the  opposite  is  true  and 
less  HER  current  in  the  first  bunches  helps. 
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Figure  3:  Special  by-3  pattern  with  short  trains  of  5  bunches  out  of  6  (till  bucket  585),  and  then  every  4th  train  the 
middle  of  the  5  bunches  is  removed.  A  straight  by-3  part  is  around  bucket  1700±70.  The  top  shows  the  LER  bunch 
current  after  coasting  for  45  min,  next  is  the  HER  current  with  no  change  and  the  luminosity.  The  bottom  shows  the 
initial  luminosity,  when  the  currents  were  flat,  indicating  a  drop  induced  by  the  electron  cloud. 


2.3  First  Bunches  after  Abort  Gap 
The  problem  gets  of  course  more  serious  after  the  abort 
gap  where  all  or  most  the  electron  cloud  should  be  gone. 
Here  helps  a  longer  current  ramp  from  70  to  100%  [2,3], 
or  we  tried  to  “preload”  the  chamber  with  an  electron 
cloud  by  filling  a  few  bunches  in  the  LER  before  the  first 
colliding  bunch.  In  Fig.  4  six  bunches  are  filled  before  the 


colliding  bunches.  This  help  only  a  little,  but  when  we 
filled  every  bucket  (by-l)  instead  of  a  by-3  distance,  the 
next  colliding  bunches  were  stable.  Later  we  had  to 
reduce  this  line  density  to  a  by-2  distance  since  the 
longitudinal  feedback  system  had  trouble  to  keep  these 
bunches  stable.  We  probably  still  need  to  increase  the 
number  of  not  colliding  LER  bunches. 
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25%  luminosity  drop. 


Figure  6:  By-2  pattern  with  short  “trains”  (2, 4,2,4...) 
shows  only  a  luminosity  loss  for  the  second  bunch. 


2.4  Close  to  %  Integer  Tune 

Recently  we  moved  the  x-tune  close  to  the  half  integer 
(0.52)  and  achieved  nearly  a  20%  luminosity 
improvement.  Since  then  the  behaviour  is  quite  different 
the  currents  stay  flat  (except  in  the  very  front),  while  the 
luminosity  at  the  end  of  a  coast  down  shows  a  lower  value 
of  about  15%. 

3  BY-2  PATTERN 

Since  we  already  see  a  15%  luminosity  loss  for  long 
by-3  trains  it  might  be  necessary  to  look  at  a  by-2  pattern 
before  we  reach  a  full  by-3  pattern. 

Two  scenarios  with  very  long  trains  of  about  50 
bunches,  and  very  short  “trains”  of  two  bunches  were 
studied.  The  first  shows  the  typical  20-25%  luminosity 
loss  after  the  first  few  (5-10)  bunches  (Fig.  5),  while  the 
second  case  showed  a  very  interesting  behaviour  (see  Fig. 
6).  The  first  buckets  of  the  duplets  have  the  same  high 
luminosity,  while  the  luminosity  of  the  second  ones  drops 
about  50%  over  25  duplets,  or  320  ns.  Then  it  is  constant 


except  for  after  an  empty  bucket  with  number  585 
(beginning  of  second  row  in  Fig.  6).  The  luminosity 
slowly  grows  to  nearly  75%  before  it  starts  dropping 
down  again  faster. 

4  SUMMARY 

Besides  the  rough  number  of  buckets,  gaps  in  the 
detailed  pattern  help  to  avoid  the  built-up  of  an  electron 
cloud.  But  this  causes  different  tunes,  and  therefore 
lifetimes  or  even  beam  loss.  Most  effects  can  be  reduced 
by  adjusting  the  size  of  the  gaps  and  the  intensity  of  the 
following  bunch. 
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INJECTION  RELATED  BACKGROUND  DUE  TO  THE 
TRANSVERSE  FEEDBACK* 

F.-J.  Decker,  R.  Akre,  A.  Fisher,  R.H.  Iverson,  M.  Weaver,  SLAC,  Stanford,  CA  94309,  USA 


Abstract 

The  background  in  the  BaBar  detector  is  especially 
high  during  injection,  when  most  components  are  actually 
having  reduced  voltages.  The  situation  is  worse  for  the 
beam  in  High  Energy  Ring  (HER)  when  the  LER  beam  is 
present.  It  was  found  that  the  transverse  feedback  system 
plays  an  important  role  when  stacking  more  charge  on  top 
of  existing  bunches.  Lowering  the  feedback  gain  helped 
and  it  was  realized  later  that  the  best  scenario  would  be  to 
gate  off  the  feedback  for  only  the  one  bunch,  which  got 
additional  charge  injected  into  it.  The  explanation  is  that 
the  blown-up,  but  centered,  original  HER  bunch  plus  the 
small  injected  off-axis  bunch  (each  with  half  the  charge) 
would  stay  in  the  ring  if  not  touched,  but  the  feedback 
system  sees  half  the  offset  and  wants  to  correct  it, 
therefore  disturbing  and  scraping  the  blown-up  part. 

1  INTRODUCTION 

The  background  in  BABAR  from  PEP-II  can  have 
many  different  reasons.  Offsets  in  the  six  phase  space 
dimensions  come  to  mind  first  (x,  x\  y,  y\  E,  (p).  These 
are  generally  tuned  for  best  injection  rate  and  low 
background.  The  next  order  (matching)  and  other  not 
anticipated  effects  are  described  in  this  paper. 

2  LATTICE  MISMATCHES 

2.1  Injected  Beam 

Increasing  the  beam  size  at  the  injection  septum  by 
changing  the  betatron  function  from  35  m  to  70  m,  the 
very  high  betatron  region  near  the  interaction  point  (IP) 
was  reduced  from  2400  m  in  Fig.  1  to  1200  m.  This 
helped  to  reduce  injection  background. 


OXHftD  SCOTCH  T»1SS  for  HODLSECT-68:  HER1ST 
<  Section  68.  Skeleton  67.  node  3  [PEP-E-  ]  > 


3600.  4000.  4600.  6000.  6600. 

S  <  M  5 

Figure  1:  Mismatching  the  injected  beam  reduced  the 
high  betatron  region  near  the  IP  (z  =  4000m)  into  half. 

*Work  supported  by  Department  of  Energy  contract  DE-AC03-76SF00515. 


2.2  Mismatch  between  Injection  Bump  Kickers 
For  injection  a  few  hundred  ns  long  part  of  the  stored 
beam  is  kicked  nearly  20  mm,  so  close  to  the  septum  that 
the  lifetime  starts  to  degrade.  If  the  kickers  have  different 
strengths  or  the  phase  advance  between  them  is  not  180°, 
the  bump  is  not  closed  and  an  oscillation  results.  Figure  2 
shows  the  stored  beam  orbit  at  the  septum.  The  beam 
position  monitor  (BPM)  indicates  a  16  mm  bump,  but 
then  in  the  following  turns  the  beam  oscillates  by  about 
±1  mm.  This  is  about  only  6%  of  the  bump,  but  two  times 
the  beam  size  in  y. 


Injection  Oscillation  (Bump  not  closed) 


Figure  2:  Injection  oscillation  due  to  a  not  perfectly 
closed  bump. 


To  figure  out  whether  it  is  the  kicker  strength  or  the 
phase  advance  in  between,  the  first  oscillation  is  plotted 
versus  z  or  BPM  number  in  Fig.  3.  The  offset  at  the  kicker 
is  caused  by  about  11°  less  phase  advance  than  180°. 


Figure  3:  Oscillation  due  to  non-closed  bump,  indicating 
offset  at  kicker  (near  BPM  8032).  The  septum  is  to  the 
left,  around  it  BPMs  read  5.7, 16.7  and  6.7  mm. 


3  BACKGROUND  SIGNALS 

3.1  Top  Offs 

A  top  off  into  PEP-II  can  be  as  fast  as  3  min  (Fig.  5). 
Besides  the  injection  rate,  background  signals  from  SVT- 
diodes  are  typically  monitored.  They  roughly  distinguish 
the  induced  background  coming  mainly  from  HER  or 
LER.  To  get  more  information  other  signals  like  from  the 
calorimeter  (EMC)  and  trigger  rate  are  monitored. 
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Figure  4:  Three  minutes  top  off  injection.  The  top  two  lines  show  the  HER  and  LER  currents,  then  background 

signals  SIG1 0  for  HER  and  SIG1 1  for  LER. 


3.2  Electromagnetic  Calorimeter 

The  BaBar  electromagnetic  calorimeter  provides 
detailed  information  on  backgrounds  during  injection. 
This  detector  consists  of  6580  Th-doped  Csl  crystals, 
each  readout  by  a  pair  of  photodiodes.  The  photodiode 
response  is  amplified,  shaped,  and  digitized  at  3.72  MHz. 
The  resulting  readout  stream  is  split  onto  two  paths,  one 
path  to  the  BaBar  trigger  electronics  and  another  to  an 
intermediate  buffer  in  the  calorimeter  readout  boards 
where  up  to  256  samples  (68.8  ps)  can  be  processed  after 
a  trigger  decision.  The  BaBar  trigger  system  generates 
trigger  decisions  from  input  on  the  first  path,  and  a 
timestamp  is  recorded  from  a  counter  based  on  the  PEP-II 
476  MHz  clock  divided  by  8. 

The  single-cluster  trigger  times  (E  >  100  MeV)  are 
compared  with  the  times  of  individual  injection  shots. 
This  data  source  has  small  deadtime  (2.7  ps  per  trigger) 
and  runs  in  parallel  to  the  normal  BaBar  data  acquisition. 
On  the  other  hand,  during  periods  of  abnormally  high 
backgrounds  in  HER  injection  the  trigger  system  can 
suffer  inefficiency  from  detector  saturation  effects. 

An  example  of  background  trigger  timing  with  respect 
to  HER  injection  is  shown  in  Fig.  5.  Background  trigger 
rates  are  typically  heightened  for  the  first  30  ps  after 
injection  and  then  rise  again  over  the  next  3  -  5  ms.  The 
trigger  rates  fall  over  a  time  scale  of  roughly  5  ms.  Finer 
analysis  of  the  timing  confirms  that  the  additional  triggers 
occur  at  intervals  of  7.34  ps,  the  revolution  period  of  the 
injected  bunch.  The  injection  backgrounds  also  depend 
upon  the  progress  into  a  fill.  Figure  6  displays  the 
injection  backgrounds  for  both  the  LER  and  HER  when 
filling  from  0  to  maximum  current.  A  Fourier  transform 
of  the  background  trigger  timing,  also  in  Fig.  6,  shows  a 


distinct  contribution  from  synchrotron  oscillations.  The 
observed  HER  synchrotron  oscillation  frequency  drift 


Figure  5:  Calorimeter  triggers  show  a  large  background 
increase  several  ms  after  an  injection. 


The  second  calorimeter  readout  path  can  be  used  to 
obtain  unbiased  sampling  at  well-defined  times  using  the 
PEP  injection  timing  signal  and  a  programmable  delay 
generator.  This  data  includes  the  detector  response 
magnitude  and  its  sampling  is  immune  to  detector  effects 
associated  with  high  backgrounds.  Figure  7  shows  an 
example  of  the  calorimeter  energy  measurements 
accumulated  over  several  scans  of  the  7  ms  period 
following  an  injection.  The  LER  synchrotron  oscillation 
component  is  observed  to  be  a  greater  exposure 
contribution  than  indicated  by  the  trigger  analysis. 
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LER  HER 


Figure  6:  Injection  backgrounds  increase  as  a  fill  progresses.  The  period  from  0  to  240  seconds  consists  of  large 
charge  quanta  injection  into  the  HER  and  LER  at  15  Hz  each.  The  period  from  240  to  320  seconds  uses  small  charge 
quanta  injection  into  the  HER.  The  period  from  320  to  410  seconds  includes  30  Hz  injection  into  the  LER. 


eliminate  the  shift  of  the  synchrotron  tune  lines.  The 
tricky  part  is  the  long  lasting  (>5ms)  background  from 
Fig.  5,  which  is  faster  than  the  damping  time  (40  ms). 
Since  the  observed  effect  with  the  fast  transverse 
feedback  system  (described  in  the  abstract),  we  are 
planning  to  gate  off  the  feedback  only  for  the  bunch 
with  additional  injected  beam  for  about  30  ms.  The 
current  set  up  should  be  able  to  do  this  up  to  1  ms 
which  seems  too  short.  The  30  ms  fits  good  compared 
with  a  30  Hz  injection  (=  33.33  ms),  so  we  plan  to  have 
no  feedback  on  only  one  bunch  at  a  time  and  hope  that 
the  injected  beam  is  filamented  enough  that  it  does  not 
represent  any  offset,  which  the  feedback  wants  to  fix. 
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Figure  7 :  Calorimeter  background  energy 
measurements  during  the  7  ms  following  an  injection. 
The  energy  scale  is  averaged  per  injection. 

4  POSSIBLE  FIXES 

First  offsets  and  sizes  (1st  and  2nd  order  effects)  need 
to  be  tuned.  Speeding  up  the  HER  low  level  RF 
feedback  system,  which  controls  the  tuners,  should 
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LATTICE  WITH  SMALLER  MOMENTUM  COMPACTION  FACTOR 
FOR  PEP-II  HIGH  ENERGY  RING  * 

Y.  Cai,  M.H.R.  Donald,  Y.  Nosochkov,  SLAC,  Menlo  Park,  CA  94025,  USA 


Abstract 

At  present,  the  PEP-II  bunch  length  and  vertical  beta 
function  /?*  at  the  Interaction  Point  (IP)  are  about  of  the 
same  size.  To  increase  luminosity,  it  is  planned  to  gradu¬ 
ally  reduce  (3*.  For  the  maximum  effect,  bunch  length  has 
to  be  also  reduced  along  with  /?*  to  minimize  luminosity 
loss  caused  by  the  hourglass  effect  at  IP.  One  of  the  meth¬ 
ods  to  achieve  a  smaller  bunch  length  is  to  reduce  momen¬ 
tum  compaction  factor.  This  paper  discusses  a  lattice  op¬ 
tion  for  the  High  Energy  Ring,  where  the  nominal  60  0  cells 
in  four  arcs  are  replaced  by  90°  cells  to  reduce  momen¬ 
tum  compaction  factor  by  30%  and  bunch  length  by  16%. 
The  increased  focusing  in  90°  cells  results  in  40%  stronger 
arc  quadruples  and  150%  stronger  arc  sextupoles  due  to 
reduced  dispersion  and  larger  chromaticity.  Tracking  sim¬ 
ulations  predict  that  dynamic  aperture  for  this  lattice  will 
be  >  10  times  the  rms  size  of  a  fully  coupled  beam  for  a 
horizontal  emittance  of  30  nm  and  p*  =  1  cm.  The  lattice 
modification  and  results  of  simulations  are  presented. 

INTRODUCTION 

One  of  the  methods  to  increase  luminosity  at  PEP-II  [1] 
is  to  reduce  a  vertical  beta  function  /?*  at  the  Interaction 
Point  (IP).  The  current  plan  is  to  reduce  (3  *  from  the  present 
value  of  12.5  mm  to  9  mm  this  year,  and  to  ~  5  mm  within 
the  next  few  years. 

Due  to  a  finite  bunch  length  crs,  particle  interactions  oc¬ 
cur  over  distance  -<js/2  <  5  <  as/2  from  IP.  Because  of 
angular  divergence  oc  1  /  beam  size  increases  with 

distance  s  from  IP  according  to:  <7  y  (s)  =  oj  s2/(3f. 
As  a  result,  contribution  to  luminosity  is  gradually  reduced 
with  distance  from  the  beam  waist  at  IP.  This  so-called 
“hourglass”  effect  can  be  analytically  estimated  and  trans¬ 
lated  into  a  luminosity  reduction  factor  due  to  a  finite  bunch 
length  [2].  For  flat  beams  with  equal  beam  size  and  emit¬ 
tance,  this  factor  depends  only  on  one  parameter  /3  *  /as  and 
is  shown  in  Fig.  1. 

At  present,  the  bunch  length  and  (3*  at  PEP-II  are  about 
of  the  same  size.  According  to  Fig.  1 ,  this  corresponds  to 
14%  of  luminosity  loss  due  to  the  hourglass  effect.  If  f3* 
is  reduced  from  the  current  12.5  mm  to  9  mm  and  then 
to  5  mm  without  changing  as ,  luminosity  loss  would  in¬ 
crease  to  21%  and  35%,  respectively.  One  can  conclude, 
therefore,  that  for  maximum  PEP-II  luminosity  at  lower  /3  * , 
bunch  length  has  to  be  reduced  as  well. 

Among  other  parameters,  the  equilibrium  bunch  length 
depends  on  the  total  accelerating  rf-voltage  V,  momentum 

*  Work  supported  by  Department  of  Energy  contract  DE-AC03- 
76SF00515. 


Figure  1 :  Luminosity  reduction  factor  due  to  the  hourglass 
effect  for  flat  beams. 


compaction  factor  a  and  bending  radius  p  as 


(7  3  oc 


a  <ll/pg|> 
V  '  <1 /p*>  ’ 


(1) 


where  ()  denote  an  average  in  the  machine  [3].  The  PEP-II 
upgrade  to  increase  rf-voltage  for  a  smaller  bunch  length  is 
being  implemented.  However,  the  bunch  length  is  a  rela¬ 
tively  slow  function  of  V ,  therefore  many  rf-cavities  would 
be  needed  for  a  large  reduction  of  /3*.  To  help  reduce  the 
bunch  length,  a  reduction  of  momentum  compaction  factor 
may  be  considered. 

The  momentum  compaction  factor  is  defined  by  disper¬ 
sion  function  r]x  and  bending  radius  p  according  to 

a=(j)>  (2) 

where  r)x  depends  on  p  and  quadrupole  focusing.  A  change 
of  bending  properties  or  magnet  locations  is  not  consid¬ 
ered  in  this  paper  since  it  would  require  a  modification 
of  machine  geometry.  Therefore,  for  a  fixed  bending,  a 
smaller  momentum  compaction  factor  could  be  achieved 
by  reducing  the  average  dispersion  in  bends  by  means  of  a 
stronger  quadrupole  focusing.  Such  optics  modification  is 
discussed  below  for  the  PEP-II  High  Energy  Ring  (HER) 
with  (3*/ 0*  =  50/1  cm. 


LATTICE  MODIFICATION 

Layout  of  the  HER  is  shown  in  Fig.  2.  The  lattice  con¬ 
sists  of  six  arcs  with  periodic  60°  cells  and  six  straight  sec¬ 
tions  with  various  matched  optics  for  the  Interaction  Re¬ 
gion  (IR),  injection,  rf-cavities,  and  tune  and  coupling  cor¬ 
rection.  The  HER  nominal  dispersion  function  is  shown  in 
Fig.  3,  where  IP  is  in  the  middle  at  s  «  1100  m.  Modula¬ 
tion  of  r\x  in  the  four  arcs  farthest  from  IR  is  introduced  to 
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increase  the  HER  horizontal  emittance  to  48  nm,  while  in 
the  two  arcs  near  IR  it  is  caused  by  special  (3  bumps  for  the 
IR  sextupoles.  Because  in  the  four  arcs  this  perturbation 
is  a  free  betatron  motion  around  the  periodic  r)x,  it  does 
not  change  the  average  dispersion  {r}x)  and  bunch  length, 
but  increases  {r£)  for  a  higher  emittance.  In  the  straight 
sections,  dispersion  is  canceled  by  dispersion  suppressors. 

The  most  contribution  to  momentum  compaction  factor 
in  HER  comes  from  dispersion  in  the  arcs.  A  simple  way  to 
reduce  (rjx)  is  to  increase  phase  advance  in  the  periodic  arc 
cells.  The  effect  of  phase  advance  per  cell  /ic  can  be  esti¬ 
mated  using  a  thin  lens  approximation.  This  method  gives 
the  following  well-known  equations  for  the  extreme  (d=) 
values  of  (3  and  rjx,  and  the  quadrupole  integrated  strength 
K\L  in  the  arc  FODO  cell: 


a±-L  1  ±  sin(^c/2) 

(3) 

c  sin  fic  ’ 

±  _  L2C  2  ±  sin(//c/2) 

8  P  sin2(jttc/2) 

(4) 

K  L  _  4sin(/ic/2) 

Lc 

(5) 

where  Lc  is  a  cell  length.  For  an  estimate  of  the  average 
values  of  / 3  and  rjx  in  the  arcs,  one  could  use  the  following 
approximation: 


<%> « 


Lc 

sin  fic  ’ 

4psin2Oc/2)' 


(6) 

(7) 


Below,  a  modification  of  HER  optics  for  a  lower  mo¬ 
mentum  compaction  factor  is  considered,  where  phase  ad¬ 
vance  in  the  four  arcs  farthest  from  IR  is  increased  from 
60°  to  90°  per  cell.  The  other  two  arcs  contain  some  of 
the  IR  sextupoles  and  skew  quadrupoles  to  compensate  the 
detector  solenoid  and  non-linear  chromaticity.  In  order  to 
maintain  the  original  IR  optics  and  local  correction,  these 
two  arcs  were  not  changed. 


Figure  3:  Dispersion  in  the  nominal  HER. 

Since  the  maximum  f 3  functions  are  about  the  same  in 
60°  and  90°  cells,  physical  aperture  acceptance  will  not  be 
reduced  by  this  modification.  As  in  60°  optics,  the  90° 
cells  naturally  provide  —I  transformation  between  arc  sex¬ 
tupoles  to  help  compensate  the  third  order  sextupole  aber¬ 
rations.  Also,  the  first  order  chromatic  perturbation  of  /3 
function  is  naturally  suppressed  in  90°  lattice. 

According  to  Eqn.  7,  the  average  dispersion  in  90°  arc  is 
reduced  by  a  factor  of  2  compared  to  60  °  lattice.  Conse¬ 
quently,  the  momentum  compaction  factor  in  four  90  °  and 
two  60°  arcs  is  reduced  by  a  factor  of  |  compared  to  the 
60°  value.  From  Eqn.  3-5,  disadvantages  of  90°  cells  are 
a  factor  of  y/2  stronger  quadrupoles,  a  factor  of  V3  larger 
linear  chromaticity  per  cell  and  a  factor  of  2  y/2  stronger 
sextupoles  (K2  oc  Kx  /rjx). 

To  maintain  the  original  non-dispersive  optics  in  the  in¬ 
jection,  tuning  and  rf-cavity  sections,  quadrupole  focusing 
in  dispersion  suppressors  designed  for  60°  arcs  was  appro¬ 
priately  adjusted  to  match  the  straight  sections  to  the  new  f3 
functions  and  reduced  dispersion  in  90°  arcs.  One  compli¬ 
cation  was  related  to  the  original  design  of  arc  sextupoles, 
where  each  of  the  four  arcs  has  12  SF  and  12  SD  sextupoles 
to  correct  linear  chromaticity.  Ideally,  the  same  family  sex¬ 
tupoles  should  have  identical  lattice  functions  to  minimize 
residual  sextupole  aberrations.  But  in  the  HER,  2  SF  and 
2  SD  sextupoles  in  each  arc  are  extended  into  the  disper¬ 
sion  suppressors  which  have  different  optics  compared  to 
the  arcs.  In  the  original  60°  design,  lattice  functions  at 
the  above  4  sextupoles  were  made  reasonably  close  to  the 
periodic  values  in  the  arcs.  It  has  been  found  particularly 
important  to  keep  this  property  in  the  90°  modification  as 
well.  It  was  verified  that  a  large  change  of  /?  functions  at 
these  sextupoles  could  reduce  dynamic  aperture  to  unac¬ 
ceptable  level.  This  is  caused  by  an  increase  of  the  third 
order  sextupole  geometric  aberrations  if  they  are  not  suffi¬ 
ciently  compensated  due  to  breakdown  of  optical  periodic¬ 
ity  and  -  J  transformation  at  the  4  sextupoles. 

The  resultant  dispersion  in  HER  with  four  90°  arcs  is 
shown  in  Fig.  4.  In  this  option,  a  periodic  dispersion  with¬ 
out  modulation  is  used  in  the  90°  arcs,  while  dispersion 
in  the  two  arcs  near  IR  is  not  changed.  Some  of  the  HER 
global  parameters  for  the  original  60°  and  modified  90°  lat¬ 
tice  with  f3*/f3*  —  50/ 1  cm  are  shown  in  Table  1,  where  the 
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S  (m) 

Figure  4:  Dispersion  in  HER  with  reduced  a. 


Table  1:  HER  parameters  for  60°  and  90°  lattice. 


Me 

a 

[io-3] 

€ac 

[nm] 

Vx/l 'y 

£  *  /  €v 

60u 

90° 

2.41 

1.69 

48 

30 

24.569/23.639 

28.569/29.639 

0.045 

0.038 

-44/ -71 
-56/ -81 

total  voltage  ofV  =  14  MV  was  used. 

Momentum  compaction  factor  is  reduced  by  30%  in  the 
90°  modification,  therefore  the  bunch  length  is  expected  to 
decrease  by  16%.  The  reduced  dispersion  in  90°  arcs  re¬ 
sults  in  a  smaller  horizontal  emittance  ex  in  this  option.  A 
modulation  of  rjx  may  be  introduced  to  increase  the  emit¬ 
tance.  For  the  same  rf-voltage,  synchrotron  tune  vs  is  also 
reduced  by  16%  since  it  scales  as  y/aV.  If  the  voltage  is 
increased  for  a  smaller  bunch  length,  vs  could  be  restored. 

Naturally,  the  stronger  quadrupole  focusing  in  90°  arcs 
increases  the  HER  betatron  tune  vx/vy  and  linear  chro- 
maticity  £x/£y.  Quadrupole  strength  increases  by  42%  in 
the  90°  arcs,  and  the  SF,  SD  sextupoles  become  stronger  by 
a  factor  of  2.3  and  2.5,  respectively,  compared  to  60°  de¬ 
sign.  The  large  increase  in  strength  may  require  an  upgrade 
for  some  of  these  magnets. 

Optics  and  compensation  schemes  of  the  Interaction  Re¬ 
gion  have  not  been  changed  in  this  modification.  The  IR 
sextupoles  provide  correction  of  the  non-linear  chromatic- 
ity  generated  in  the  final  quadrupole  doublets  near  IP.  It  has 
been  important  to  verify  that  compensation  of  non-linear 
chromaticity  has  not  been  affected  by  arc  modifications.  In¬ 
deed,  calculation  of  betatron  tune  and  /3*  in  the  90°  lattice 
versus  relative  momentum  deviation  ^  showed  a  negli¬ 
gible  change  of  non-linear  chromaticity  compared  to  the 
original  optics.  This  confirms  that  the  IR  chromaticity  cor¬ 
rection  is,  indeed,  local.  Tune  shift  in  the  modified  HER 
is  shown  in  Fig.  5  for  the  range  of  -10 ap  <  ^  <  10ap, 
where  ap  is  the  rms  relative  energy  spread  in  the  beam,  and 
linear  chromaticity  is  set  to  zero. 

Finally,  tracking  simulations  have  been  performed  to 
verify  dynamic  aperture  for  the  HER  with  90°  arcs  and 
—  1  cm.  Simulations  have  been  done  using  LEGO 
code  [4]  for  10  different  combinations  of  random  field  and 
alignment  errors,  and  ±8ap  synchrotron  oscillations.  Com¬ 
pensation  of  beam  orbit,  linear  chromaticity,  coupling  and 


dp/p  (%) 

Figure  5:  Tune  shift  vs.  ^  jn  her  with  reduced  a. 

tune  were  simulated  in  LEGO  prior  to  tracking.  The  re¬ 
sultant  dynamic  aperture  at  the  injection  point  is  shown 
in  Fig.  6,  where  the  10  dash  lines  represent  different  er¬ 
ror  settings.  The  area  inside  a  dash  line  corresponds  to  a 
particle  stable  motion.  This  dynamic  aperture  exceeds  10a 
depicted  by  a  solid  line,  where  a  is  the  rms  size  of  a  fully 
coupled  beam  at  injection  with  ex  =  30  nm  and  ey  =  ex/2. 
This  dynamic  aperture  should  be  sufficient  for  beam  oper¬ 
ation.  We  conclude,  therefore,  that  90°  optics  in  HER  for  a 
lower  momentum  compaction  factor  may  be  considered  as 
an  option  for  a  shorter  bunch  length. 


“2-10  l  2 

Initial  X-Amplitude  (cm) 

Figure  6:  Dynamic  aperture  in  HER  with  reduced  a. 

CONCLUSION 

It  has  been  shown  that  momentum  compaction  factor  in 
HER  can  be  reduced  by  30%  by  increasing  phase  advance 
per  cell  from  60°  to  90°  in  four  arcs.  The  resultant  dynamic 
aperture  exceeds  10a  and  is  considered  adequate.  The  ex¬ 
pected  reduction  of  bunch  length  in  this  option  is  16%. 
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TRACKING  SIMULATIONS  NEAR 
HALF-INTEGER  RESONANCE  AT  PEP-n  * 

Y.  Cai,  Y.  Nosochkov,  SLAC,  Menlo  Park,  CA  94025,  USA 


Abstract 

Beam-beam  simulations  predict  that  PEP-II  luminosity 
can  be  increased  by  operating  the  horizontal  betatron  tune 
near  and  above  a  half-integer  resonance.  However,  effects 
of  the  resonance  and  its  synchrotron  sidebands  significantly 
enhance  betatron  and  chromatic  perturbations  which  tend 
to  reduce  dynamic  aperture.  In  the  study,  chromatic  varia¬ 
tion  of  horizontal  tune  near  the  resonance  was  minimized 
by  optimizing  local  sextupoles  in  the  Interaction  Region. 
Dynamic  aperture  was  calculated  using  tracking  simula¬ 
tions  in  LEGO  code.  Dependence  of  dynamic  aperture  on 
the  residual  orbit,  dispersion  and  (3  distortion  after  correc¬ 
tion  was  investigated. 

INTRODUCTION 

PEP-II  [1]  has  been  operating  at  the  betatron  tune  vx/vy 
close  to  24.569/23.639  in  the  High  Energy  Ring  (HER) 
and  38.649/36.564  in  the  Low  Energy  Ring  (LER),  These 
working  points  were  selected  experimentally  for  a  reliable 
machine  performance,  good  luminosity  and  beam  lifetime. 
However,  the  beam-beam  simulations  predict  that  luminos¬ 
ity  can  be  increased  by  operating  betatron  tune  very  close 
and  above  the  half-integer  resonance.  Fig.  1  shows  the  LER 
tune  diagram  with  synchro-betatron  resonances  up  to  the 
4th  order  and  a  contour  plot  of  the  single  bunch  luminosity. 
Calculation  of  luminosity  was  done  using  the  beam-beam 
code  developed  at  SLAC  [2]  which  has  been  recently  up¬ 
graded  to  the  three  dimensional  version. 

The  difficulty  of  operating  close  to  half-integer  reso¬ 
nance  comes  from  enhancement  of  the  resonance  effects 
on  betatron  motion.  It  is  well  known  that  perturbation  of  j3 
function  created  by  focusing  errors  depends  on  tune  v  as 

A  Q  i  r 

~p(s)  =  2sin2 —  f  P(l)AKi(l)cos2<l>(s’l)dl’  d) 

where  \i  is  phase  advance,  4>(s,l)  =  nu  -  |//(s)-/i(/)|, 
and  AK\  is  a  focusing  error  created  mainly  by  quadrupole 
field  imperfections,  horizontal  orbit  at  sextupoles,  and  mo¬ 
mentum  error.  Close  to  half-integer  resonance,  growth  of 
A /3//3  comes  from  the  resonance  term  [sin  270/] _1  which 
behaves  as  1/ A v  when  distance  to  the  resonance  is  as  small 
as  Av  <  1/27T.  On  the  other  hand,  orbit  and  dispersion  are 
not  excited  by  the  half-integer  resonance. 

For  significant  enhancement  of  luminosity,  fractional 
value  of  horizontal  tune  should  be  in  the  range  of  [i/x] « .51. 
At  this  working  point,  enhancement  of  A{3x/j3x  in  HER 
and  LER  due  to  the  resonance  term  in  Eqn.  1  would  be  a 

*  Work  supported  by  Department  of  Energy  contract  DE-AC03- 
76SF00515. 


Figure  1:  Single  bunch  luminosity  scan  [1030  cm“2s-1]. 

factor  of  6.7  and  12.8,  respectively,  compared  to  the  present 
tune.  Without  compensation,  the  large  /3  growth  may  sig¬ 
nificantly  increase  amplitude  dependent  non-linear  aberra¬ 
tions  and  reduce  dynamic  aperture  and  beam  lifetime. 

More  resonance  effects  are  generated  by  the  synchrotron 
sidebands  of  the  half-integer  resonance:  2i/x  +  mvs  —  n, 
where  vs  is  a  synchrotron  tune,  and  m,  n  are  integers.  In  the 
LER,  where  vs  —  0.025,  the  1st  and  2nd  synchro-betatron 
resonances  occur  at  [vx\  =  .5125  and  .525,  while  in  HER 
with  vs  —  0.045  the  1st  sideband  is  at  [i/x]  =  .5225.  Track¬ 
ing  simulations  will  show  that  the  sidebands  have  a  strong 
effect  on  dynamic  aperture,  therefore  working  tune  should 
be  chosen  reasonably  far  from  them.  In  addition,  variation 
of  tune  with  synchrotron  momentum  oscillations  should  be 
minimized  to  avoid  crossing  with  these  resonances. 

Optimization  of  PEP-II  lattice  near  half-integer  reso¬ 
nance  and  analysis  of  dynamic  aperture  are  discussed  be¬ 
low.  The  optics  with  /?*//?*  =  50/1.25  cm  at  the  Interaction 
Point  (IP)  is  used. 

LATTICE  OPTIMIZATION 

PEP-II  has  two  tuning  sections  which  can  be  locally  ad¬ 
justed  to  change  betatron  tune  without  affecting  the  rest  of 
machine  optics.  Initially,  only  these  sections  were  modi¬ 
fied  to  move  the  horizontal  tune  closer  to  half-integer,  and 
vertical  tune  to  [vy\  ~  .61  as  suggested  by  beam-beam  anal¬ 
ysis.  But  tracking  simulations  showed  that  dynamic  aper¬ 
ture  was  not  sufficiently  large  with  machine  errors  and  syn¬ 
chrotron  momentum  oscillations  of  up  to  ±8 ap,  where  ap 
is  the  rms  value  of  relative  momentum  spread  —E  jn  the 
beam.  Analysis  of  chromaticity  indicated  that  non-linear 
variation  of  horizontal  tune  with  momentum  needs  to  be 
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Figure  3:  LER  horizontal  tune  vs.  ^  at  ^  —  38.518- 


further  reduced  to  avoid  crossing  with  the  synchro-betatron 
resonances. 

In  PEP-II,  the  most  contribution  to  non-linear  chromatic- 
ity  is  generated  in  the  final  quadrupole  doublets  near  IP. 
This  chromaticity  is  compensated  by  the  Interaction  Re¬ 
gion  (IR)  sextupoles  located  in  the  same  phase  with  the 
doublets.  Variation  of  strength  of  these  sextupoles  allows 
to  compensate  quadratic  dependence  of  tune  on  ^2 ,  and  a 
small  adjustment  of  sextupole  phase  advance  helps  reduce 
the  higher  order  variation. 

Minimum  of  the  second  order  chromaticity  was  achieved 
by  reducing  strengths  of  the  IR  sextupoles  correcting  hori¬ 
zontal  chromaticity.  Further  improvement  in  LER  resulted 
from  reduction  of  horizontal  phase  advance  between  the 
IR  horizontal  sextupoles  and  IP  by  5°.  For  correction  of 
the  machine  linear  chromaticity,  strength  of  the  global  sex¬ 
tupoles  was  increased  to  compensate  for  the  weaker  IR  sex¬ 
tupoles.  Because  the  adjusted  IR  sextupoles  in  LER  have  a 
non-zero  design  orbit,  the  reduced  sextupole  strength  cre¬ 
ated  a  feed-down  effect  of  linear  focusing  and  coupling. 
This  small  perturbation  was  compensated  by  a  slight  ad¬ 
justment  of  the  IR  magnet  strengths. 

The  optimized  horizontal  tune  for  momentum  range  of 
-10<7P  <  ^  <  10<jp  is  shown  in  Fig.  2,  3,  where 
the  working  point  is  vx/vy  =  24.51/23.61  in  HER  and 
38.518/36.61  in  LER.  The  straight  dash  lines  depict  the 
half-integer  synchrotron  sidebands.  In  HER,  a  positive  lin¬ 
ear  chromaticity  £  =  +1  was  used  in  Fig.  2  to  counteract 
the  negative  slope  of  non-linear  tune  variation.  Due  to  the 
large  synchrotron  tune,  it  was  possible  to  place  the  HER 
working  point  below  the  1st  synchrotron  sideband  without 
crossing  with  the  resonance  lines.  In  the  LER,  synchrotron 
tune  is  a  factor  of  2  smaller  while  energy  spread  is  25% 
larger,  therefore  the  closest  to  half-integer  working  point 
was  chosen  between  the  1  st  and  2nd  sidebands. 


Figure  4:  HER  dynamic  aperture  without  magnet  errors  vs. 
vx  at  vy  =  23.61.  Synchrotron  sidebands:  1)  2vx~vs  =  49, 
2-)  2 vx  2vs = 49. 


Figure  5:  LER  dynamic  aperture  without  magnet  errors  vs. 
vx  at  vv  =  36.61.  Synchrotron  sidebands:  1)  2vx  ~  vs  ==  77, 
2)  2vx — 2vs  =  77, 3)  2vx — 3z/s  =  77. 


DYNAMIC  APERTURE  SIMULATIONS 

Calculations  of  dynamic  aperture  were  performed  using 
tracking  simulations  in  LEGO  code  [3].  First,  dependence 
of  aperture  on  betatron  tune  near  half-integer  resonance 
was  investigated  for  lattice  without  magnet  errors,  but  with 
synchrotron  momentum  oscillations  of  ±Sap.  The  resul¬ 
tant  horizontal  tune  scan  is  shown  in  Fig.  4, 5  for  HER  and 
LER,  where  dynamic  aperture  is  normalized  by  the  rms  size 
of  a  fully  coupled  beam. 

The  HER  horizontal  dynamic  aperture  vanishes  in  the 
vicinity  of  the  main  half-integer  resonance  2vx  —  49  and 
its  1st  sideband.  In  LER,  the  strongly  affecting  resonances 
are  2i/x+mi/s  =  77  with  m= 0,  -1,  -2,  -3.  Naturally,  the 
working  tune  should  be  chosen  reasonably  far  from  these 
resonances.  The  following  scenarios  for  more  and  less  ag¬ 
gressive  horizontal  tune  vx  near  half-integer  were  investi¬ 
gated  in  the  simulations: 

1.  HER:  24.51,  LER:  38.518. 

2.  HER:  24.529,  LER:  38.529. 

Dynamic  aperture  scan  versus  vertical  tune  was  per¬ 
formed  for  the  first  scenario  of  vx  and  the  range  of  [vy] 
from  .55  to  .64.  It  showed  that  dynamic  aperture  gradu¬ 
ally  reduces  as  [vy\  becomes  closer  to  [vx\  and  the  working 
point  approaches  the  crossing  of  half-integer  and  coupling 
resonances.  Based  on  this  scan,  the  vertical  fractional  tune 

Wy] =  *61  was  chosen  for  these  simulations.  A  lower  vy 
may  be  considered  for  further  luminosity  enhancement. 
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Secondly,  tracking  simulations  with  field  errors,  mis¬ 
alignment  and  ^  =  ±8ap  synchrotron  momentum  os¬ 
cillations  were  performed  for  the  selected  working  points. 
For  statistics,  ten  different  settings  (“seeds”)  of  random 
machine  errors  were  used  in  each  tracking.  Perturbation 
of  beam  orbit,  linear  chromaticity,  betatron  tune  and  ver¬ 
tical  dispersion  was  compensated  using  realistic  correc¬ 
tion  schemes  in  LEGO.  Since  distortion  of  /3  function  be¬ 
comes  more  sensitive  to  focusing  errors  near  half-integer 
resonance,  a  special  correction  of  was  implemented  in 
LEGO.  It  uses  MICADO  method  to  find  the  most  effective 
quadruples  to  minimize  j3  perturbation. 

Due  to  the  greater  effect  of  errors  near  half-integer  res¬ 
onance,  a  better  machine  correction  is  needed  to  maintain 
acceptable  dynamic  aperture.  To  verify  tolerance  to  vari¬ 
ous  errors,  simulations  were  performed  for  different  levels 
of  machine  correction.  It  has  been  confirmed  that  beam 
orbit  should  be  decreased  for  an  acceptable  dynamic  aper¬ 
ture.  The  better  orbit  correction  reduces  the  feed-down  fo¬ 
cusing  errors  in  sextupoles  as  well  as  residual  dispersion  in 
the  machine.  On  the  other  hand,  correction  of  vertical  dis¬ 
persion  did  not  significantly  affect  dynamic  aperture  in  the 
observed  range  of  residual  rms  A 7]y  from  ~70  to  5  mm. 

As  expected,  the  simulations  confirmed  that  compensa¬ 
tion  of  Ap/p  is  required  in  the  first  scenario,  where  vx  is 
closer  to  the  resonance.  Typically,  Ap/p  was  corrected 
to  the  rms  level  of  <  5%.  In  the  second  scenario,  at 
\vx]  =  .529,  correction  of  p  function  was  less  important,  al¬ 
though  it  helped  to  improve  cases  with  small  aperture.  Ta¬ 
ble  1  summarizes  the  observed  approximate  levels  of  rms 
orbit  and  A Px/Px  for  acceptable  dynamic  aperture. 

Table  1:  Tolerances  on  rms  orbit  and  A j3x/j3x. 


HER 

LER 

["*] 

.529 

.510 

.529 

.518 

.  orbit  (mm) 

1 

1 

0.4 

0.2 

A&//3*  (%) 

25 

5 

25 

5 

The  resultant  dynamic  aperture  in  HER  at  vx/vy  = 
24.51/23.61  for  a  good  level  of  correction  is  shown  in 
Fig.  6  at  the  injection  point.  Stable  particle  motion  corre¬ 
sponds  to  the  area  inside  the  dash  lines  which  represent  10 
different  seeds  of  random  machine  errors.  The  solid  half¬ 
ellipse,  shown  for  reference,  is  the  10a  size  of  a  fully  cou¬ 
pled  beam  at  injection  with  emittance  ex  =  48  nm  and  ey  — 
ex/2.  In  this  simulation,  the  residual  rms  orbit,  dispersion 
and  p  distortions  after  correction  were:  0.27/0.31  mm, 
A?7  =  31/8  mm  and  A P/P  —  1. 9/1.5%  in  x/y  planes,  re¬ 
spectively.  Linear  chromaticity  was  set  to  +1  to  minimize 
non-linear  tune  variation  with  momentum. 

The  LER  dynamic  aperture  at  vx/vy  =  38.518/36.61 
is  shown  in  Fig.  7  at  the  injection  point.  The  solid  half- 
ellipse  corresponds  to  10a  size  of  a  fully  coupled  beam  at 
injection  with  emittance  ex  =  24  nm.  The  residual  rms 
orbit,  dispersion  and  ft  distortions  after  correction  were: 
0.20/0.23  mm.  At)  —  23/9  mm  and  A/3/fi  =  2.4/2. 5% 
in  x/y  planes,  respectively.  Linear  chromaticity  was  set  to 


Initial  X-Amplitude  (cm) 

Figure  6:  HER  dynamic  aperture  at  vx/vy  —  24.51 /23.61. 


Initial  X-Amplitude  (cm) 

Figure  7:  LER  dynamic  aperture  at  vx/vy =38.518/36.61. 
zero  in  this  case. 

Implementation  of  the  tune  near  half-integer  resonance 
has  been  recently  performed  at  PEP-II.  The  working  point 
was  successfully  moved  to  vx/vy  =  24.52/23.63  in  HER 
and  38.52/36.57  in  LER.  After  the  necessary  machine  ad¬ 
justments  luminosity  has  been  improved  by  ~15%  to  the 
new  record  of  6.1  •  1033  cm“2s_1. 

CONCLUSION 

Beam-beam  simulations  performed  for  PEP-II  predicted 
an  enhancement  of  luminosity  for  a  betatron  tune  near  a 
half-integer  resonance.  Horizontal  fractional  tune  of  .52 
has  been  recently  implemented  at  PEP-II  and  ~15%  lu¬ 
minosity  gain  has  been  achieved.  Particle  tracking  sim¬ 
ulations  showed  that  an  improved  machine  correction  is 
needed  for  acceptable  dynamic  aperture  at  [vx]  —  .51  in 
HER  and  .518  in  LER.  This  requires  a  minimization  of 
non-linear  chromaticity  and  tighter  correction  of  orbit  and 
fix  distortions.  At  [ux\  —  .529,  a  looser  orbit  correction  may 
be  used  while  compensation  of  A/3X  may  not  be  necessary. 
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Abstract 

Wake  fields  excited  in  a  small  gap  of  a  vacuum 
chamber  by  ampere  beams  can  have  enough  amplitude  to 
heat  the  chamber.  The  electric  component  of  these  fields 
can  be  above  the  arcing  limit.  Usually  flange  connections 
in  a  vacuum  chamber  contain  a  vacuum  gasket  and  an 
inner  RF  gasket.  If  a  small  gap  occurs  between  the  RF 
gasket  and  flange  surface,  wake  fields  can  heat  the 
flanges.  The  flanges  are  usually  made  of  stainless  steel, 
which  efficiently  absorbs  RF  power.  Some  flanges  consist 
of  two  parts  (like  a  vacuum  valve  flange)  and  are 
mechanically  connected  but  have  poor  thermal  contact.  A 
temperature  rise  can  lengthen  the  inner  part  of  the  flange 
and  make  firmer  the  thermal  contact  to  the  outer  part  of 
the  flange.  The  heat  will  then  flow  to  the  outer  part  of  the 
flange,  which  is  air  and  water-cooled.  This  cooling  lowers 
the  flange  temperature  and  the  thermal  contact  becomes 
poor  again.  This  “quasi”  periodic  mechanism  can  explain 
the  nature  of  temperature  oscillations  observed  at  several 
locations  in  PEP-II,  the  SLAC  B-factory. 

INTRODUCTION 

During  the  2001  PEP-II  run  [1]  an  unusual  behaviour  of 
the  valve  body  temperature  was  observed  in  the  low 
energy  (positron)  ring,  in  region  2.  A  high  positron 
current  elevated  the  temperatures  on  different  vacuum 
chamber  elements  like  bellows  and  vacuum  valves. 
Mainly  the  temperatures,  measured  by  thermocouples, 
varied  monotonically  in  accordance  with  the  positron 
current.  However,  thermocouples  placed  on  vacuum  valve 
2175  showed  oscillations  of  temperature  with  a  period  of 
3-8  minutes.  The  amplitude  of  the  oscillations  was  of  the 
order  5-20  degrees  Fahrenheit.  The  oscillations  happened 
from  time  to  time,  when  the  positron  current  reaches  1000 
mA  level  and  more.  A  typical  temperature  oscillation  is 
shown  in  Fig.  1 . 

Temperature  08/23/01  20:30 


[— T2175W2— IER| 


Time  [minutes] 

Figure  1 :  V acuum  valve  temperature  and  positron  current. 
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The  red  curve  (more  rapidly  oscillations)  presents  the 
signal  from  the  thermocouple  attached  to  body  of  the 
vacuum  valve.  The  green  curve  (slow  function)  shows  the 
time  dependence  of  the  positron  current  during  several 
top-offs.  This  unusual  behaviour  of  the  temperature 
cycling  initiated  the  wake  field  study  of  veiy  small  gaps 
to  understand  the  RF  heating. 

WAKE  FIELDS  AND  RF  HEATING 

It  was  supposed  that  the  gasket  (RF  gap  ring),  which  is 
placed  in  the  connection  between  the  vacuum  valve  and 
die  vacuum  chamber,  could  have  dimensions  that  are 
incorrect  thereby  producing  a  very  small  gap. 

Gap  of  03mm  in  a  flange  pair  .  Time  =  100.0 

Bunch*  13.00mm  RxZ *  6!.OSx  130.10 


Figure  2:  Electric  force  lines  of  the  field  excited  by  a 
bunch,  travelling  in  the  vacuum  chamber  with  a  small 
gap. 

It  was  suspected  that  the  gap  size  could  be  of  order  of 
the  100  microns.  Flange  connection  has  also  a  vacuum 
(main)  gasket,  which  is  situated  at  a  larger  radius.  The 
positron  beam  through  a  small  gap  could  excite  a  cavity 
formed  by  the  flange  sides  and  these  gaskets. 


distance  [mm] 

Figure  3:  Wake  potentials  for  a  bunch  length  of  13mm  for 
different  gap  sizes. 

The  vacuum  gasket  is  a  round  ring  of  radius  60.2mm, 
while  the  RF  gap  ring  has  an  elliptical  shape  with  half 
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axes  25mm  and  42.5mm.  Wake  field  calculations  were 
performed  for  an  azimuthally  symmetric  model  of  the 
vacuum  chamber  for  the  radii  equivalent  to  the  half  axes. 
Code  named  “NOVO”  [2]  was  used  for  the  calculations, 
as  only  this  code  has  the  required  resolution  for  such 
small  gap  sizes,  like  100  micron  or  less.  Wake  field 
calculations  for  a  gap  size  of  40  micron  needs  20  million 
mesh  points.  A  picture  of  the  electric  force  lines  of  the 
fields  excited  by  the  bunch  passing  a  gap  is  presented  in 
Fig.  2.  The  gap  size  is  200  microns  and  the  bunch  length 
is  13mm.  Wake  field  potentials  are  shown  in  Fig.  3.  Loss 
factor  dependence  upon  the  gap  size  for  different  radiuses 
is  shown  at  Fig.  4. 


n  /y>g 


0  02  0.4  0  6  08  1  12  14  16  1.8  2 

Gap  size  [mm] 

Figure  4:  Loss  factor  as  a  function  of  the  gap  size. 

It  can  be  seen  that  the  loss  factor  is  almost  constant  but 
vanishing  quickly  at  the  gap  size  of  100-200  microns. 
The  RF  power  P  dissipated  in  the  flanges  wall  can  be 
estimated  as  half  of  the  beam  power  loss  (assuming  that 
the  other  half  part  propagates  in  the  vacuum  chamber) 

1 2 

P  =  0.5xKx  — — 

K  is  the  bunch  loss  factor,  I  is  the  positron  beam 
current,  N  is  the  number  of  bunches  in  the  beam,  /is  the 
revolution  frequency.  This  estimation  gives  an  RF  power 
of  100-200  W  for  a  gap  of  200  microns  and  7=1600  mA, 
jV=728,/=136  kHz. 

In  addition  to  the  RF  heating,  the  amplitude  of  the 
electric  fields  that  are  excited  in  the  gap,  can  be  high 
enough  to  exceed  the  breakdown  level.  Results  of 
calculations  for  the  electric  field  amplitude  in  the  gap  are 
shown  in  Fig.  5.  The  amplitude  increases  when  the  gap 
size  goes  down. 

The  behaviour  of  the  loss  factor  and  the  corresponding 
electric  field  with  the  gap  size  can  be  easily  understood 
from  a  simple  model  of  an  equivalent  LC  circuit.  In  this 
model  we  consider  a  gap  to  be  an  additional  capacitor, 
then  the  total  capacitor  is 

C  =  C,c  +  C 

LC  gap 

According  to  the  geometry  (Fig.  3)  we  can  estimate  the 
capacitors  to  be: 


cLC~—  —  c 

c  %d  gap  2  g 

with  a  loss  factor  which  is  inversely  proportional  to  the 
total  capacity 

- £ - - — £ _ 

C  Clc  o  |  g  +  0.12 

R22-Rf 

Here  the  gap  size  is  measured  in  millimetres. 


Gap  size  [mm] 


Figure  5:  Amplitudes  of  the  electric  field  in  the  gap  for 
different  gap  sizes. 

The  derived  formula  says  that  the  loss  factor  changes 
when  the  gap  becomes  of  order  of  120  microns.  A  good 
comparison  of  the  loss  factor  with  this  analytical 
estimation  can  be  seen  from  the  Fig.  6. 
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Figure  6:  Comparison  of  the  calculate  values  for  loss 
factor  K  with  the  analytical  approximation. 


This  model  also  gives  an  estimation  of  the  amplitude  of 
the  electric  field  in  the  gap 


1 

coCg 


So  the  amplitude  of  the  electric  field  is  inversely 
proportional  to  the  square  root  of  the  gap  size.  This  means 
that  the  gap  size  must  be  very  near  zero  to  avoid  any  kind 
of  breakdowns.  It  is  interesting  to  note  that  these 
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calculations  and  predictions  for  possible  breakdowns  in 


the  gap  were  performed 
before  the  time  when  the 
vacuum  chamber  flanges 
were  disconnected  and 
traces  of  the  breakdowns 
tracks  were  actually 
observed.  Fig.  7  presents 
a  photo  of  the 
disconnected  flanges  and 
a  gap  ring.  Traces  of 
breakdowns  can  be  easily 
seen  by  discolorations  on 
the  stainless  steel  flange 
at  the  right.  After 
replacing  the  ring  with 
one  that  has  the  proper 
size,  the  RF  heating  and 
the  temperature 

oscillations  stopped. 


Figure  7:  Photo  of  the  disconnected  flanges  and  RF  gap 
ring. 


TEMPERATURE  OSCILLATIONS 

We  have  studied  different  models  to  understand  how 
the  temperature  oscillations  could  occur.  Here  we  discuss 
one  model.  A  vacuum  valve  flange  consists  of  two 
stainless  steel  parts,  as  it  shown  at  Fig.  8.  Parts  are 
connected  through  a  circular  ring  and  radial  gaps  could  be 
from  both  sides  of  the  ring.  When  the  inner  part  of  the 
flange  is  heated,  as  was  discussed  before,  the  size  of  these 
gaps  decreases  with  the  temperature  and  thermal  contact 
is  improved.  The  heat  energy  flows  to  the  outer  flange 
part,  which  is  cooled  though  with  a  fan  and  a  copper 
water-cooled  disk.  The  temperature  then  goes  down  and 
the  radial  opens  up  once  again.. 


Figure  8:  Vacuum  valve  flange  geometry. 

This  process  is  demonstrated  in  Fig.  9,  where  the  results 
of  a  two-dimensional  simulation  are  presented. 


Temperature  [F] 


Figure  9:  Temperature  distribution  in  the  vacuum  valve 
flange  connection  for  different  stages  of  the  thermal 
contact.  Maximum  temperature  is  achieved  at  the  inner 
edge  of  the  stainless  steel  vacuum  valve  flange. 

The  left  figure  shows  the  temperature  distribution  at  the 
time  when  the  gap  size  is  large  and  the  thermal  contact  is 
small.  The  right  figure  shows  the  temperature  distribution 
at  the  time  when  the  gap  size  is  small.  Comparison  of  the 
simulated  and  measured  temperatures  is  presented  at 
Fig.  10. 

[— Thermocouple  —Calculations  —  LERcurrenf 
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Figure  10:  Comparison  of  the  simulated  temperature 
oscillations  (blue  middle  curve)  and  measured 
temperatures  from  the  thermocouple  (red  down  curve) 
with  the  positron  beam  current  (green  upper  curve)  as  a 
function  of  time. 

The  theoretical  prediction  is  in  good  qualitative 
agreement  with  the  temperature  behaviour.  Additional 
geometry  details  are  needed  for  better  agreement.  As  it 
was  discovered,  the  period  of  oscillation  depends  upon 
the  distance  between  the  radial  gap  and  the  cooled  flanged 
part. 
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Abstract 


PEP-II  is  an  eV  B-Factory  Collider  located  at  SLAC 
operating  at  the  Upsilon  4S  resonance.  PEP-II  has 
delivered,  over  the  past  five  years,  an  integrated 
luminosity  to  the  BaBar  detector  of  over  131  fb'1  and  has 
reached  a  luminosity  of  6.11xl036/cm2/s.  Steady  progress 
is  being  made  in  reaching  higher  luminosity.  The  goal 
over  the  next  several  years  is  to  reach  a  luminosity  of  at 
least  2xl034/cm2/s.  The  accelerator  physics  issues  being 
addressed  in  PEP-II  to  reach  this  goal  include  the  electron 
cloud  instability,  beam-beam  effects,  parasitic  beam-beam 
effects,  high  RF  beam  loading,  shorter  bunches,  lower 
betay*,  interaction  region  operation,  and  coupling  control. 
A  view  of  the  PEP-II  tunnel  is  shown  in  Figure  1. 

The  present  parameters  of  the  PEP-II  B-Factory  are 
shown  in  Table  1  compared  to  the  design.  The  present 
peak  luminosity  is  204%  of  design  and  the  best  integrated 
luminosity  per  month  is  7.4  fb"rthat  is  225%  of  design. 
The  best  luminosity  per  month  is  shown  in  Figure  2.  The 
integrated  luminosity  over  a  month  is  shown  in  Figure  3 
and  the  total  integrated  luminosity  in  shown  in  Figure  4. 

The  progress  in  luminosity  has  come  from  correcting 
the  orbits,  adding  specific  orbit  bumps  to  correct  coupling 
and  dispersion  issues,  lowering  the  beta  y*  in  the  LER, 
and  moving  the  fractional  horizontal  tunes  in  both  rings  to 
just  above  the  half  integer  (<0.52). 


Figure  1  View  of  the  PEP-II  tunnel. 

*  Supported  by  US  DOE  contracts  DE-AC03-76SF00515  and  DE-AC03- 
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Table  1 :  PEP-II  May  2003  Parameters. 


Parameter 

PEP-II 

Design 

PEP-II 

Present 

Energy  (GeV) 

3.07x9 

3.1x8.97 

HER  Vertical  tune 

23.64 

23.57 

HER  Horizontal  tune 

24.62 

24.516 

LER  Vertical  tune 

36.64 

36.63 

LER  Horizontal  tune 

38.57 

38.509 

HER  current  (mA) 

750 

1100 

LER  current  (mA) 

2140 

1750 

Number  of  bunches 

1658 

939 

Ion  gap  (%) 

5 

2.6 

HER  RF  klystron/cav 

5/20 

7/24 

HER  RF  volts  (MV) 

14.0 

11.5 

LER  RF  klystron/cav. 

2/4 

3/6 

LER  RF  volts  (MV) 

3.4 

3.2 

Py*  (mm) 

15-25 

11 

Px*  (cm) 

50 

35 

Emittance  (x/y)  (nm) 

49/2 

21  to  49/3 

cz  (mm) 

11 

12 

Lum  hourglass  factor 

0.9 

0.84 

Crossing  angle(mrad) 

0 

<0.5 

IP  Horiz.  size  2  (pm) 

222 

150 

IP  Vert.  Size  2  (pm) 

6.7 

6.8 

HER  Horizontal  §x 

0.03 

0.075 

HER  Vertical  %y 

0.03 

0.060 

LER  Horizontal 

0.03 

0.065 

LER  Vertical  £y 

0.03 

0.048 

Lumin.  (xl033/cm2/s) 

3.00 

6.11 

Int.  Lum/month  (fb'1) 

3.3 

7.4 

Integ.  Lumin.  (fb-1) 

100  (for  CP) 

131 
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1  RUN  3  STATUS 

PEP-II  has  been  providing  colliding  beams  for  the  BaBar 
detector  since  May  1999  [1-8].  The  present  run  started  in 
November  2002  and  will  end  in  June  2003.  There  will  be 
a  two  month  down  this  summer  with  beam  starting  again 
in  September  2003.  During  the  recent  run,  colliding 
beams  occupied  70%  of  the  time,  20%  for  repairs,  and 
10%  for  machine  development  and  accelerator  physics 
studies.  About  87%  of  the  data  logged  by  BaBar  was  on 
the  Upsilon  4S  resonance  and  13%  off-resonance  about  40 
MeV  lower.  PEP-II  has  scanned  the  Upsilon  3S,  shown  in 
Figure  5.  The  highest  luminosity  in  PEP-II  is 
6.11x10  /cm2/s  with  the  corresponding  parameters  listed 
in  Table  1.  The  horizontal  beam  size  of  the  LER  is 
enlarged  at  this  peak  luminosity  by  about  20%.  Also,  the 
vertical  beam  size  of  the  HER  is  enlarged  by  about  20%  at 
the  peak  luminosity.  Both  increases  are  due  to  the  beam- 
beam  effect.  365  pb*1  has  been  delivered  in  24  hours.  The 
present  delivered  luminosity  to  BaBar  is  131  fb'1. 


Figure  2  Peak  luminosity  each  month  since  May  1999, 
The  peak  luminosity  has  reached  6.1  lxl033/cm2/s. 


PEP-II  Monthly  Integrated  Luminosity 


Figure  3  Integrated  luminosity  per  month.  In  March 
2003  PEP-II  deliver  7.4  fb'1  and  BaBar  logged  7.2  fb'1. 


2  BEAM-BEAM  INTERACTION 

At  low  currents,  the  luminosity  increases  as  the  product 
of  the  electron  and  positron  bunch  charges.  At  higher 
currents  the  LER-x  and  HER-y  beam  sizes  enlarge  due  to 
beam-beam  and,  perhaps,  electron  cloud  effects  in  LER, 
thus,  reducing  the  luminosity  increase  with  current.  The 
HER  and  LER  bunch  charges  are  appropriately  balanced 
to  produce  near  equal  beam-beam  effects.  If  there  is  a 
miss-balance,  flip-flop  effects  can  occur.  The  horizontal 
tunes  of  both  rings  were  recently  moved  to  just  above  the 
half  integer  (-0.52)  and  an  immediate  increase  of  about 
20%  in  luminosity  occurred.  In  order  to  move  the  LER  to 
the  half  integer,  the  horizontal  beta  beats  in  the  LER  had 
to  be  fixed.  Moving  close  to  the  half  integer  makes  the 
beta  beats  worse.  A  computer  algorithm  (MIA)  was 
created  and  recently  has  been  made  to  work.  The  beta 
beats  in  the  LER  are  below  10%.  The  HER  still  needs 
additional  work  and  will  be  worked  on  soon. 

Total  PEP-II  Delivered  Luminosity 


Figure  4  Total  delivered  integrated  luminosity  to  BaBar 
by  PEP-II.  131  fb'1  was  delivered  by  May  2003. 


Figure  5  Energy  scan  of  the  Upsilon  3S  resonance  in 
November  2002. 

Recently,  PEP-II  has  been  operated  with  bunches  every 
three  RF  buckets  but  with  mini-gaps  after  about  10  to  11 
bunches  to  allow  easy  bunch  number  changes  and  to 
reduce  small  ECI  effects.  A  plot  of  the  bunch  luminosity 
over  the  whole  train  is  shown  in  Figure  6.  There  are  no 
obvious  signs  of  ECI  over  the  train.  With  two  bucket 
spacing,  there  are  signs  of  electron  cloud  effects  and 
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parasitic  beam-beam  effects.  To  help  reduce  the  ECI 
effects  in  the  By-2  pattern,  stronger  solenoids  will  be 
added  to  the  LER  straight  sections  this  coming  summer. 
The  parasitic  crossing  beam-beam  effects  are  largest  in 
the  vertical  plane  where  the  vertical  betas  are  much  larger 
than  the  horizontal  betas  at  the  parasitic  collisions 
displaced  63  cm  from  the  IP  on  both  sides.  As  the  betay* 
is  lowered  the  parasitic  effects  will  become  stronger.  The 
exact  limit  of  this  effect  is  under  study. 

Beam-beam  parameters  from  0.048  to  0.075  are  now 
routinely  achieved  in  PEP-II  that  far  exceed  our  design 
goal  of  0.03. 


Figure  6  Bunch  luminosity  along  the  train  with  every  3th 
RF  bucket  filled  and  a  2.6%  ion  gap  at  the  end  of  the 
train.  There  are  mini-gaps  of  about  5  RF  buckets. 


cnT2sec 1  (l) 


equation  with  r  the  y  to  x  aspect  ratio  (-0.02),  E  the  beam 
energy,  I  the  beam  current,  and  3y*  the  vertical  beta  at  the 
collision  point.  In  order  to  get  a  factor  of  four  above  the 
present  luminosity  (to  2xl034),  the  currents  will  be  raised 
about  a  factor  of  two,  the  tune  shifts  increased  about  10% 
and  3y*  reduced  from  12  mm  to  about  7  mm.  The  number 
of  RF  stations  in  the  LER  will  be  increased  from  three  to 
four  in  order  in  achieve  about  3.6  A.  The  number  of  RF 
stations  in  the  HER  will  be  increased  from  seven  to  eight 
allowing  a  current  of  1.6  A.  The  3y*  can  be  decreased  to 
about  7  mm  using  the  present  IR  quadrupole 
configuration  but  with  extra  permanent  magnet 
quadrupole  slices  replacing  some  B1  dipole  slices. 
Somewhat  increased  backgrounds  are  expected  that  are 
under  study.  The  chromatic  corrections  will  be  more 
difficult  but  early  tests  indicate  an  acceptable  dynamic 
aperture.  To  achieve  near  4xl034  the  3y*  must  be  lowered 
to  about  5  mm  and  additional  RF  stations  added  to  the 
HER  and  LER.  In  order  to  shorten  the  bunches,  to  reduce 
the  hourglass  effects,  lower  alpha  lattices  would  be 
needed  in  the  HER  and  LER  or  higher  harmonic  RF 
cavities  to  increase  the  effective  RF  voltage.  The  details 
of  the  4xl034  upgrade  will  be  evaluated  in  the  next  few 
months. 


L  =  2.17xl034(l  +  r)£ 
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3  INTERACTION  REGION  HEATING 

At  the  interaction  point  of  PEP-II  there  is  a  Be  chamber 
surrounded  by  a  precision  silicon  strip  detector  SVT  of 
BaBar.  The  Be  chamber  is  double-walled  with  water 
cooling  between.  At  present,  the  water  removes  about  1 
kW  of  HOM  and  I2R  heat  load.  This  60  cm  long  chamber 
is  connected  to  the  nearby  B1  dipole  magnet  chamber 
with  a  two  convolution  bellows  on  each  end.  In  the 
summer  of  2002,  the  IR  support  tube  was  removed  and 
extra  cooling  of  air  and  water  added,  new  temperature 
instrumentation  was  added  to  the  Be  chamber  bellows,  a 
new  Q2  crotch  chamber  with  lower  HOM  generation  was 
installed,  and  new  higher  power  Q2  bellows  were 
installed.  The  increased  power  capability  of  a  factor  of 
four  to  five  should  allow  a  factor  of  about  four  increase  in 
luminosity.  During  recent  operation,  the  new  cooling 
techniques  have  performed  according  to  specification. 

4  FUTURE  PLANS 

PEP-II  has  an  upgrade  plan  that  is  leading  towards  a 
luminosity  of  greater  than  2xl034  in  FY2006.  Combining 
the  equations  for  luminosity  and  the  vertical  beam-beam 
parameter,  one  derives  the  traditional  luminosity  scaling 


We  wish  to  thank  the  Operations  Group  for  their  help. 
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Abstract 

A  Super  B  Factory,  an  asymmetric  eV  collider  with  a 
luminosity  of  1036  cm'Y1,  can  provide  a  sensitive  probe 
of  new  physics  in  the  flavor  sector  of  the  Standard  Model. 
The  success  of  PEP-II  and  KEKB  in  producing 
unprecedented  luminosity  with  unprecedently  short 
commissioning  time  has  taught  us  about  the  accelerator 
physics  of  asymmetric  e*e  colliders  in  a  new  parameter 
regime.  It  appears  to  be  possible  to  build  on  this  success 
to  advance  the  state  of  the  accelerator  art  by  building  a 
collider  at  a  luminosity  approaching  1036  cm'Y1.  Such  a 
collider  would  produce  an  integrated  luminosity  of  10,000 
fb'  (10  ab' )  in  a  running  year.  Design  studies  are 
underway  to  arrive  at  a  complete  parameter  set  based  on  a 
collider  in  the  PEP-II  tunnel  but  with  an  upgraded  RF 
system  (perhaps  a  higher  frequency)  and  an  upgraded 
interaction  region  f  1  -6] . 

1  DESIGN  CONSTRAINTS 

The  construction  and  operation  of  modem  multi-bunch 
e+ e  colliders  have  brought  about  many  advances  in 
accelerator  physics  in  the  area  of  high  currents,  complex 
interaction  regions,  high  beam-beam  tune  shifts,  high 
power  RF  systems,  controlled  beam  instabilities,  rapid 
injection  rates,  and  reliable  uptimes  (-95%). 

The  present  successful  B-Factories  have  proven  that 
several  design  concepts  are  valid.  1)  Colliders  with 
asymmetric  energies  can  work.  2)  Beam-beam  energy 
tranparency  conditions  are  weak.  3)  Interaction  regions 
with  two  energies  can  work.  4)  IR  backgrounds  can  be 
handled.  5)  High  current  RF  systems  can  be  operated  (2 
amps  x  1  amp).  6)  Beam-beam  parameters  can  reach  0.06 
to  0.9.  7)  Injection  rates  can  be  good  and  continuous 
injection  is  feasible.  8)  The  electron  cloud  effect  (ECI) 
can  be  managed  to  a  small  effect.  9)  Bunch-by-bunch 
feedbacks  at  the  4  nsec  spacing  work  well. 

In  addition  to  the  above  lessons  learned,  new  techniques 
can  be  employed  [1,3].  A)  The  beam  lifetimes  will  be  low 
so  continuous  injection  will  be  needed.  B)  Continuous 
injection  will  be  used  to  push  the  beam-beam  parameter  to 
higher  values  than  can  be  tolerated  when  long  lifetimes 
are  required.  C)  Much  higher  currents  are  needed  and  the 
vacuum  chamber  and  feedbacks  must  be  made  to  match. 
D)  Bunch-by-bunch  feedbacks  will  need  to  operate  at  the 
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1  nsec  scale,  down  from  the  present  4  nsec  time.  E)  Much 
shorter  bunches  will  be  needed;  on  the  order  of  2  mm.  F) 
Higher-power  vacuum  chambers  and  HOM  tolerant 
chambers  will  be  needed.  The  use  of  expansion  bellows 
will  need  to  be  minimized  or  a  high-power  design 
developed.  G)  Very  low  vertical  beta  functions  at  the 
interaction  of  about  1.5  to  2.5  mm  will  be  needed.  H) 
Special  chromaticity  corrections  will  be  needed.  I)  Every 
technique  to  reduce  the  wall  plug  power  will  need  to  be 
used.  For  example,  reducing  the  energy  asymmetry  to 
reduce  synchrotron  radiation,  increase  the  vacuum 
chamber  bores  to  reduce  resistive  wall  effects,,  and 
increasing  the  RF  cavity  bores  to  reduce  HOM  losses. 

2  PARAMETERS 

The  design  of  a  1036  cm'Y1  ee  collider  combines  a 
natural  extension  of  the  design  of  the  present  B  Factories 
with  a  few  new  ideas  and  special  circumstances  to  allow 
improved  beam  parameters  to  be  achieved.  The 
luminosity  L  in  an  ee  collider  that  has  a  limited  vertical 
tune  shift  £y  with  flat  beams  (r=0.02)  is  given  by  the 
standard  expression 

Z,  =  2. 1 7 x  1 034(1 + r)n£y 


where  Ib  is  the  bunch  current  (amperes),  n  is  the  number 
of  bunches,  E  is  the  beam  energy  (GeV),  and  fi*  is  the 
vertical  beta  function  (cm)  at  the  collision  point.  The 
luminosity  gain  of  the  Super  B  Factory  comes  from  the 
increase  of  the  beam  currents  by  about  a  factor  of  eight, 
lowering  fy*  about  a  factor  of  five,  and  increasing  the 
beam-beam  tune  shifts  about  25%.  The  resulting  gain  is 
about  a  factor  of  50  over  that  of  the  present  B  Factories 
when  they  are  upgraded  to  about  2x1 034  cm'Y1  over  the 
next  few  years.  In  addition,  due  to  continuous  injection 
with  the  luminosity  always  near  the  maximum,  the 
integrated  luminosity  per  unit  time  of  the  Super  B  Factory 
is  expected  to  increase  another  20  to  30%  over  the  present 
machines.  The  parameters  of  a  representative  1036  cm'Y1 
eY  collider  are  listed  in  Tables  1  and  2  for  different  RF 
frequencies.  These  parameters  were  chosen  after 
balancing  beam  dynamics  effects,  technology  limits, 
luminosity  performance,  and  SLAC  site  AC  power  issues. 
The  PEP-II  tunnel  is  an  excellent  site  for  this  collider.  The 
SLAC  power  substation  can  provide  140  MW  if  needed. 

The  beam  energies  are  8  GeV  for  the  high-energy  ring 
and  3.5  GeV  for  the  low-energy  ring.  Lowering  the  high- 
energy  ring  energy  from  9  GeV  reduces  the  synchrotron 
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radiation  load  on  the  RF  system.  The  e  and  e  may  be 
exchanged  if  need  be  as  either  particle  can  be  stored  in 
either  ring  using  the  versatile  SLAC  injector.  The  linac 
can  provide  low  emittance  beams  with  80  Hz  of  electrons 
and  20  Hz  of  positrons.  The  remaining  20  Hz  will  be  used 
to  generate  positrons  at  the  production  target. 

3  RF  FREQUENCY  SELECTION 

Two  RF  frequencies  for  the  Super  B  Factory  have  been 
studied:  476  MHz  as  in  the  present  PEP-II  and  952  MHz. 
At  the  higher  frequency,  more  bunches  (about  6900)  can 
be  stored,  thereby  reducing  single  bunch  effects  and 
higher  order  mode  losses  at  the  high  total  current. 
Industry  has  the  ability  to  make  cw  952  MHz  klystrons  at 
the  MW  level  needed  for  this  accelerator.  RF  cavities  at 
952  MHz  can  be  made  with  a  similar  design  to  the  PEP-II 
style  copper  cavities,  using  improved  HOM  dampers  and 
with  additional  storage  cavities  to  help  reduce 
longitudinal  multi-bunch  instabilities. 

In  the  Super  B  Factory,  the  single  bunch  currents  are  a 
factor  of  two  higher  than  those  of  PEP-II  or  KEKB;  the 
total  current  is  increased  by  a  factor  of  eight,  but  there  are 
four  to  eight  times  as  many  bunches.  Furthermore,  the 
bunch  lengths  are  about  five  times  shorter.  These  short 
high-charge  bunches  lead  to  increased  single  bunch 
effects;  Higher-Order-Mode  (HOM)  losses  and  resistive 
wall  losses  that  have  to  be  minimized  in  each  ring,  see 
Figure  1.  HOM  losses  in  the  RF  cavities  will  be  reduced 
by  opening  the  beam  channel  through  the  RF  cavities 


Table  1  Super  B  Factory  Parameters  with  476  MHz  RF. 


Parameter 

LER 

HER 

Energy  (GeV) 

3.5 

8 

RF  frequency  (MHz) 

476 

476 

Vertical  tune 

72.64 

56.57 

Horizontal  tune 

74.52 

58.52 

Current  (A) 

11.0 

4.8 

Number  of  bunches 

3450 

3450 

Ion  gap  (%) 

1.2 

1.2 

HER  RF  klystron/cav 

22/44 

18/36 

HER  RF  volts  (MV) 

29 

24 

ESBSHHH 

2.2 

2.2 

Px*  (cm) 

15 

15 

Emittance  (x/y)  (nm) 

27.5/0.4 

27.5/0.4 

a2(mm) 

2.5 

2.5 

Lum  hourglass  factor 

0.82 

0.82 

Crossing  angle(mrad) 

15 

15 

IP  Horiz.  size  (pm) 

64 

64 

IP  Vert,  size  (pm) 

0.9 

0.9 

Horizontal  ^ 

0.15 

0.15 

0.15 

0.15 

Lumin.  (xl034/cm2/s) 

50 

50 

about  50%.  The  resistive  wall  losses  of  the  short  bunches 
in  the  vacuum  chambers  will  be  reduced  by  a  factor  of 
two  by  increasing  the  vacuum  chamber  radius. 

4  INTERACTION  REGION 

The  interaction  region  is  being  designed  to  leave  the 
same  longitudinal  free  space  as  that  presently  used  by 
BABAR  but  with  superconducting  quadrupole  doublets  as 
close  to  the  interaction  region  as  possible,  as  shown  in 
Figure  2.  A  crossing  angle  is  used  to  separate  the  two 
beams  as  they  enter  and  leave  the  interaction  point.  The 
overall  interaction  region  is  shorter  than  for  PEP-II, 
allowing  a  shorter  detector  if  that  is  advantageous  [6]. 

Recent  work  at  Brookhaven  National  Laboratory  on 
precision  conductor  placement  of  superconductors  in 
large-bore  low-field  magnets  has  led  to  quadrupoles  in 
successful  use  in  the  interaction  regions  for  the  HERA 
collider  in  Germany  [7].  A  minor  redesign  of  these 
magnets  will  work  well  for  the  Super  B  Factory. 

The  beams  must  have  a  crossing  angle  at  the  collision 
point  to  avoid  parasitic  crossing  effects;  the  anticipated 
crossing  angle  is  +/-  12  to  17  mrad.  Short  bunches  are 
also  needed  to  avoid  the  geometrical  hour-glass  effects 
that  could  reduce  the  luminosity  during  collisions.  The 
short  Super  B  Factory  bunches  are  made  by  providing 
extra  over-voltage  in  the  RF  system  and  by  a  high  phase- 
advance  quadrupole  lattice  in  each  ring. 

The  low  beta  functions  at  the  collision  point  will  make 


Table  2  Super  B  Factory  Parameters  with  952  MHz  RF 


Parameter 

LER 

HER 

Energy  (GeV) 

3.5 

8 

RF  frequency  (MHz) 

952 

952 

Vertical  tune 

72.64 

56.57 

Horizontal  tune 

74.52 

58.52 

Current  (A) 

15.5 

6.8 

Number  of  bunches 

6900 

6900 

Ion  gap  (%) 

1.2 

1.2 

HER  RF  klystron/cav 

32/64 

25/50 

HER  RF  volts  (MV) 

43 

33 

Py*  (mm) 

1.5 

1.5 

Px*  (cm) 

15 

15 

Emittance  (x/y)  (nm) 

19.5/0.19 

19.5/0.19 

a2  (mm) 

1.75 

1.75 

Lum  hourglass  factor 

0.8 

0.8 

Crossing  angle(mrad) 

15 

15 

IP  Horiz.  size  (pm) 

54 

54 

IP  Vert,  size  (pm) 

0.5 

0.5 

0.15 

0.15 

0.15 

0.15 

Lumin.  (xl034/cm2/s) 

100 

100 
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New  PEP-II  cavity  (952  MHz) 

Large  Raperturo-47  6mm  Cui-otf  frequency  2  41  GHz 
Loss  factor  0  740V/pC.  Above  cuf-otf  =  65%  (0  4862V/pC) 


Frequency  (GHz] 

Figure  1  HOM  calculation  for  a  952  MHz  PEP-II  style 
RF  cavity  with  an  increased  bore. 

the  ring  chromaticity  high.  Correcting  the  chromaticity  is 
the  task  of  sextupole  magnets,  but  sextupoles  reduce  the 
dynamic  aperture  of  the  storage  ring.  Due  to  the  naturally 
reduced  lifetimes  of  the  beams,  the  dynamic  aperture  and 
the  resulting  vacuum  system  do  not  have  to  be  designed 
for  lifetimes  of  hours,  only  for  one  hour,  thus,  reducing 
costs. 

The  increases  in  the  beam-beam  parameters  from  the 
present  0.06  to  0.09  range  to  0.15  will  be  achieved  by 
operating  just  above  but  very  close  to  the  half-integer 
horizontal  tune  where  standard,  but  strong,  dynamic  beta 
effects  occur.  Also,  pushing  the  transverse  tunes  closer  to 
specific  resonances  allows  a  higher  tune  shift  and  more 
luminosity  but  with  shorter  beam  lifetimes.  Both 
techniques  have  been  successfully  demonstrated  at  the 
present  B  Factories. 


PEP-ll  10  36  B-Factory  +/- 12  mrad  xlng  arvgte  Q2  septum  at  2.5  m 


Figure  2  Interaction  region  for  a  Super  B-Factory.  Note 
the  first  quadrupole  is  at  30  cm  from  the  interaction  point. 
This  first  quadrupole  will  have  a  quadrupole,  x  and  y 
dipole,  solenoidal,  and  skew  quadrupole  windings. 

5  POWER  SCALING 

The  power  required  by  a  collider  is  the  sum  of  a  site  base 
plus  RF  sources.  With  a  Super  B-Factory,  there  will  be  an 
overall  base  level  due  to  the  SLAC  campus  (~15  MW), 
the  linac  running  for  PEP-II  at  30  Hz  (-8MW),  The  PEP- 
II  magnets  (-7  MW),  the  linac  running  for  LCLS  (-10 
MW),  and  SPEAR  (-5  MW)  for  a  total  of  about  40  MW. 

The  total  RF  power  is  the  sum  of  the  cavity  wall  losses, 
beam  synchrotron  radiation,  beam  resistive  wall  losses, 
beam  higher  order  mode  losses  (HOM),  and  AC 
distribution  inefficiencies.  The  AC  transformers  and  high 


voltage  power  supplies  are  about  90%  efficient.  The  RF 
klystrons  are  about  65%  efficient.  For  beam  stability 
control,  the  klystrons  do  not  run  at  full  power  which 
reduces  their  efficiency  to  about  50%.  The  RF  power 
losses  to  the  cavity  walls  are  70  to  100  kW  depending  on 
the  voltage.  The  synchrotron  radiation  losses  are 
minimized  by  reducing  the  eneigy  asymmetry  of  the  B- 
Factory  to  3.5  x  8  GeV  and  by  adding  dipoles  to  the  low- 
energy  ring  to  reduce  the  effective  bending  radius.  The 
vacuum  chamber  bores  are  enlarged  to  reduce  the  resistive 
wall  losses  that  go  inversely  with  the  chamber  size.  The 
HOM  losses  are  reduced  by  going  to  a  higher  RF 
frequency  with  more  bunches  but  same  total  current. 

The  total  power  of  a  Super-B  Factory  at  the  SLAC  site 
as  a  function  of  luminosity  is  shown  in  Figure  3.  If  the  site 
power  is  limited  to  120  MW  that  is  within  the  range  of  the 
incoming  power  lines,  then  a  luminosity  of  about  5xl035 
luminosity  is  possible  at  476  MHz  and  1  x  103<  at  952 
MHz. 


Figure  3  Site  power  scaling  for  two  RF  frequencies  The 
upper  curve  is  for  476  MHz  and  the  lower  curve  952 
MHz.  The  power  above  the  40  MW  horizontal  line  is  from 
the  overall  PEP-II  RF  system.  The  currents  increase  with 
the  luminosity  and,  thus,  increase  the  power  usage. 
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IMPROVEMENTS  IN  ALADDIN  BEND  MAGNET  STABILITY  BY 
REDUCTION  OF  LEAKAGE  CURRENTS* 
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Abstract 

For  800  MeV  operation  of  the  Aladdin  Synchrotron 
Storage  Ring,  730  amps  of  current  flow  through  the  12 
bend  magnets  in  series.  The  bend  magnet  field  coils  are 
cooled  by  water  which  is  in  intimate  contact  with  the 
copper  coils.  The  elastomer  hoses  which  deliver  this 
water  had  up  to  103  VDC  between  the  coils  and  the 
electrically  grounded  plumbing.  This  configuration 
induced  an  electrolytic  reaction  which  produced  and 
deposited  cuprous  oxide  on  the  inner  walls  of  the  hoses. 
The  electrical  resistance  of  the  hoses  was  significantly 
reduced  and  leakage  currents  as  high  as  833  mA  flowed  to 
ground.  This  missing  and  changing  bend  magnet  current 
resulted  in  significant  horizontal  electron  orbit  changes. 
When  the  deposits  were  large,  additional  deposits 
occurred  quickly  and  tripped  off  the  bend  magnet  power 
supply,  resulting  in  lost  photons  for  the  storage  ring  users. 

We  have  electrically  isolated  the  cooling  water  hose 
manifolds  and  lengthened  some  hoses.  This  minimized 
leakage  currents  to  ground,  slowed  recontamination  of 
new  hoses  and  reversed  contamination  in  badly 
contaminated  hoses.  These  improvements  have  resulted 
in  improved  storage  ring  orbit  stability  (and  thereby 
improved  photon  beam  stability),  less  electrochemistry  on 
the  copper  coils,  and  better  operations  reliability. 

BACKGROUND 

At  the  SRC  we  have  recently  commissioned  a  reduced- 
emittance  lattice  (LF15)  [1],  with  a  significantly  reduced 
ox  of  -200  pm.  Therefore,  a  reasonable  target  for 
horizontal  electron  beam  position  stability  would  be 
-20  pm  at  the  bend  magnet  source  points.  Attempts  to 
achieve  this  beam  stability  demand  requisite  levels  of 
both  mechanical  and  electrical  stability. 

The  12  bend  magnets  in  the  Aladdin  storage  ring  are 
shown  in  Figure  1.  A  closed  loop  system,  with  deionized, 
high  resistivity  (-6  Mohm  cm)  water,  cools  the  copper 
coils  which  produce  the  magnetic  fields.  For  each  bend 
magnet  top  half  or  bottom  half,  cooling  water  flows  from 
a  grounded  4.5  inch  diameter  supply  pipe  through  an 
elastomer  hose,  -32  inches  long  and  1  inch  in  diameter,  to 
a  metal  supply  manifold.  This  manifold  distributes  the 
water  through  9  elastomer  hoses,  each  -15  inches  long 
and  0.5  inch  in  diameter,  to  8  copper  field  coils  and  a 
power  lead.  After  the  water  passes  through  the  internal 
cooling  channels  in  the  coils,  it  flows  to  a  metal  return 
manifold  through  9  similar  hoses.  The  water  continues  to 
a  grounded  4.5  inch  diameter  return  pipe.  The  metal 
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supply  and  return  manifolds  were  originally  grounded. 
The  intent  of  this  system  was  to  provide  cooling  water 
and  electrical  isolation  of  the  field  coils  by  using  the 
insulating  elastomer  hoses  and  high  resistivity  water.  We 
observed  significant  leakage  currents  and  modified  this 
system  after  additional  measurements  and  preliminaiy 
testing. 


Figure  1.  Aladdin  storage  ring  with  bend  magnets  (e.g., 
BM-10)  and  power  supply  room. 

The  Aladdin  storage  ring  normally  operates  at  800  MeV 
and  by  request  at  1  GeV.  At  the  beginning  of  the  current 
path,  the  voltage  between  the  field  coils  and  the  grounded 
distribution  manifolds  was  -103  VDC,  for  800  MeV 
operation  (-147  VDC  for  1  GeV  operation).  This  voltage 
decreased  proportionally  around  the  storage  ring  to  -8.4 
VDC  at  bend  magnet  9.  At  these  voltages  new,  clean, 
elastomer  hoses  should  prevent  significant  leakage 
currents  between  the  copper  coil  sets  and  the  cooling 
manifolds. 

The  current  through  the  12  Aladdin  bend  magnets  is 
730  A  for  800  MeV  operation  (1017  A  for  1  GeV 
operation).  This  current  begins  at  a  Transrex  power 
supply.  The  current  enters  the  circuit  at  bend  magnet  10, 
in  the  top  set  of  coils,  and  proceeds  clockwise  around  the 
ring  through  the  series  of  12  top  coil  sets.  At  the  end  of 
the  top  coil  series  (bend  magnet  9)  the  current  continues 
through  the  12  bottom  coil  sets  in  series,  in  reverse  order 
from  9  back  to  10.  This  series  circuit  of  top  and  bottom 
coil  sets  is  intended  to  produce  identical  and  stable 
currents  and  fields  in  the  magnets,  resulting  in  a  stable 
electron  beam  orbit.  For  safe  and  proper  power  supply 
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operation  there  is  a  ground  fault  current  detector  halfway 
around  the  circuit,  after  the  top  series  of  coils,  with  an 
established  shutdown  limit  of  250  mA.  It  should  be  noted 
that  this  detector  monitors  only  the  net  imbalance  in 
leakage  currents,  with  positive,  top  coil  leakage  currents 
being  offset  by  negative,  bottom  coil  leakage  currents. 

LEAKAGE  CURRENT  PROBLEMS 

In  1997,  98  and  99  there  were  a  minimum  of  5 
unplanned  and  uncontrolled  bend  magnet  power  supply 
shutdowns  per  year.  These  were  due  to  excessive  ground 
fault  currents  from  electrical  leakages  in  the  cooling  water 
hose  system.  The  fault  correction  involved  determining 
which  magnet’s  hoses  were  “bad”  and  replacing  all  the 
hoses  for  that  magnet.  These  shutdowns  interrupted 
machine  operation  and  the  experimental  programs  which 
depend  on  the  photons  generated  by  the  electron  beam. 
The  fast  shutdown  of  these  large  currents  also  placed 
additional  magnetic  and  mechanical  stress  on  the  magnet 
cores,  possibly  leading  to  observed  lamination 
separations. 

After  careful  analysis  of  the  interactions  among  the 
cooling  water  hoses,  the  copper  field  coils  and  the  applied 
bend  magnet  voltages,  we  determined  that  an  electrolytic 
reaction  was  removing  copper  from  inside  the  coils.  This 
reaction  created  copper  oxides  and  deposited  them  on  the 
inside  of  the  insulating  elastomer  hoses.  Sufficient 
internal  coatings  eventually  built  up  allowing  the  hoses  to 
become  significant  leakage  paths.  The  worst  observed 


leakage  of  833  mA  from  the  top  manifolds  of  bend 
magnet  11  tripped  the  ground  fault  detector  during  1  GeV 
operation.  This  leakage  occurred  across  a  135  VDC  drop. 

The  leakage  currents  were  also  found  to  seriously  affect 
the  position  of  the  electron  beam  in  each  bend  magnet. 
Obviously,  any  current  leaking  to  ground  from  hoses 
decreased  magnetic  fields  in  that  magnet  and  in  each 
sequential  bend  magnet  in  the  ring.  Furthermore, 
changing  leakage  currents  result  in  changing  electron 
beam  positions.  During  800  MeV  operation,  increases  in 
leakage  currents  of  38  mA  were  observed  in  one  magnet 
over  5  hours.  During  1  GeV  operation,  increases  of 
225  mA  were  observed  over  8  hours.  Since  any  change  in 
leakage  changes  the  electron  orbits,  the  source  position 
and  the  trajectory  angle  of  the  photon  beam  would  also 
change. 

Figure  2  shows  a  plot  of  the  ground  fault  detector 
current  (lower  continuous  trace)  and  the  horizontal  beam 
position  in  bend  magnet  10  (upper  disconnected  points)  as 
a  function  of  time.  This  data  covers  2  months  of  normal 
storage  ring  operation  with  the  global  feedback  system  [2] 
providing  real  time  position  corrections.  It  is  clear  that 
the  ground  fault  detector  current  was  changing  and  in 
some  cases  changing  very  quickly  on  the  left  half  of  the 
plot.  The  horizontal  photon  beam  position  moved  by 
more  than  160  pm,  which  is  clearly  beyond  our  position 
stability  target  of  20  pm.  The  main  contribution  to  these 
leakage  currents  was  bend  magnet  11  with  an  individual 
leakage  current  larger  than  800  mA. 


Figure  2.  Ground  fault  detector  current  and  horizontal  beam  position  at  monitor  102  during  Aladdin  ring  operation. 
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The  leakage  currents  from  a  particular  bend  magnet 
were  found  to  be  directly  proportional  to  the  applied 
voltage,  for  a  constant  level  of  internal  contamination.  It 
was  also  found  that  magnets  (10,  11  and  12)  with  higher 
voltage  drops  across  the  cooling  hoses  developed 
contamination  more  quickly  and  developed  higher 
leakage  currents.  Since  the  voltage  drops  during  1  GeV 
operation  were  43%  higher,  significantly  higher  rates  of 
contamination  occurred  during  those  operating  conditions. 

MINIMIZING  LEAKAGE  CURRENTS 

An  electrolytic  reaction  can  be  minimized  by  reducing 
the  voltage  across  the  electrodes.  This  was  done  in  this 
situation  by  ungrounding  the  supply  and  return  water 
manifolds  for  each  half  of  each  bend  magnet.  This  was 
accomplished  by  inserting  6  concentric  pieces  of  PVC 
pipe  around  each  manifold  in  the  appropriate  places  to 
electrically  isolate  the  manifold  from  ground.  When  this 
was  done  the  manifolds  floated  to  a  voltage  based  on  the 
cumulative  resistance  of  the  9  small  hoses  relative  to  the 
high  resistance  of  the  larger,  32  inch  long  hose.  This  is 
basically  a  voltage  divider  circuit.  In  bend  magnets  10 
and  11  respectively  the  voltage  drops  at  800  MeV,  from 
the  field  coils  to  the  manifolds,  have  been  reduced  from 
103  VDC  to  6  VDC  and  from  96  VDC  to  5  VDC. 
Furthermore,  the  added  high,  series  resistance  of  the 
32  inch  long  elastomer  hose  reduced  all  leakage  currents 
by  more  than  a  factor  of  100. 

Since  the  isolated  manifolds  floated  up  in  voltage 
(142  VDC  is  worst  case,  at  bend  magnet  10,  at  1  GeV),  it 
was  necessary  to  shield  personnel  from  manifold  contact. 
This  was  done  with  bent  plexiglass  shields  and  insulating 
pipe  foam.  A  test  point  wire  was  also  attached  to  each 
manifold  to  allow  monitoring  of  leakage  currents  and 
hose  contamination. 

RESULTS 

Between  July  and  November  of  1999,  the  cooling 
manifolds  on  the  bend  magnets  with  the  worst  leakage 
currents  were  electrically  isolated  to  test  the  new  system. 
The  remaining  manifolds  were  electrically  isolated  in 
November  of  2001.  Immediately  after  isolating  manifolds 
with  badly  contaminated  hoses  and  high  leakage  currents, 
hoses  “cleaned  up”  due  to  the  reduced  voltage  drop. 
When  the  top  supply  manifold  on  bend  magnet  11  was 
isolated,  that  leakage  current  decreased  from  612  mA  to: 
25  mA  over  4  days.  Test  measurements  over  the  last  3 
years  with  manifolds  temporarily  regrounded  show 
individual  leakage  currents  remain  below  40  mA,  even 
during  1  GeV  operation.  (The  added  series  resistance  of 
the  longer  hose  further  reduces  actual  leakage  to  less  than 
0.4  mA.) 

On  August  5,  1999  the  extremely  high  leakage  currents 
at  bend  magnet  1 1  tripped  the  ground  fault  detector  and 
shut  down  the  ring.  At  midnight  between  August  5  and  6, 
the  cooling  manifolds  on  bend  magnet  11  were 
electrically  isolated  in  an  attempt  to  correct  this  problem 
without  changing  the  contaminated  hoses.  This  point  in 


time  is  marked  in  Figure  2  by  the  vertical  dashed  line.  It 
is  clear  that  the  ground  fault  detector  current  was 
significantly  reduced  and  the  horizontal  beam  position 
became  much  more  stable  after  manifolds  were  isolated. 
Since  August  6,  1999  there  have  been  no  bend  magnet 
power  supply  shutdowns  due  to  ground  faults.  The 
smaller  changes  in  beam  position  after  August  6  are  due 
to  leakage  currents  from  the  remaining  10  bend  magnets 
with  grounded  manifolds. 

Recently,  known  leakages  at  bend  magnet  12  and  at 
bend  magnet  1  were  separately  imposed  on  a  stable  LF15 
electron  orbit  by  temporarily  grounding  the  cooling 
manifolds.  Changes  were  monitored  by  our  recently 
updated  optical  beam  position  monitoring  system.  With 
the  global  feedback  system  off,  a  leakage  current  of 
100  mA  caused  a  45  pm  beam  position  shift.  The 
manifold  isolation  system  reduces  leakages  and  their 
effects  by  a  factor  of  over  100.  The  resulting  beam 
position  shifts,  from  the  present  level  of  current  leakage, 
is  less  than  0.4  pm.  This  is  well  within  the  position 
stability  target  of  20  pm.  Changes  were  also  monitored 
with  the  global  feedback  system  on.  Beam  shifts  were 
further  reduced  by  a  factor  of  6  with  global  feedback. 

CONCLUSION 

Gains  realized  by  isolating  bend  magnet  cooling 
manifolds: 

•  Direct  monitoring  of  leakage  currents  and  hose 
contamination  is  possible. 

•  Voltage  drops  and  leakage  currents  between  the  magnet 
coils  and  the  cooling  manifolds  are  significantly 
reduced. 

•  Bend  magnet  coils  receive  proper  current  resulting  in 
correct  electron  beam  orbits. 

•  Electron  orbit  stability  is  improved  providing  more 
stable  photon  beams. 

•  Electrolytic  damage  to  the  copper  magnet  coils  is 
reduced  along  with  hose  contamination. 

•  Storage  ring  reliability  is  improved. 

We  gratefully  acknowledge  the  assistance  and  patience 
of  Mike  Green  and  other  SRC  staff  in  the  implementation 
of  these  machine  upgrades. 
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Abstract 

The  ELETTRA  storage  ring  is  currently  operated  over  a 
wide  electron-energy  range  (0.75-1.5  GeV  and  2-2.4  GeV). 
This  paper  reports  on  measurements  performed  in  order  to 
characterize  the  longitudinal  beam  stability  when  the  ma¬ 
chine  is  operated  in  the  low-energy  range  in  single-bunch 
filling  mode. 

INTRODUCTION 

Instabilities  of  different  nature  may  affect  electron 
beams  circulating  in  a  Storage  Ring  (SR)  [1],  [2]  and  cause 
severe  limitation  in  the  performances  of  devices  dedicated 
to  exploitation  of  Synchrotron  Radiation  or  to  Free  Elec¬ 
tron  Laser  (FEL)  operation.  The  origin  of  such  instabilities 
can  be  traced  back  either  to  the  electromagnetic  wake  field 
which  is  generated  by  the  interaction  between  the  elec¬ 
tron  beam  and  its  environment  (e.g  vacuum  pipe,  low-gap 
chambers,  discontinuities,  etc.)  and  re-acts  on  the  electrons 
perturbing  their  motion,  or  to  external  perturbations  (e.g. 
line-induced  modulations,  mechanical  vibrations,  etc.). 

The  presence  of  the  instability  may  manifest  in  different 
ways.  For  example,  the  so-called  saw-tooth  regime  is  cur¬ 
rently  observed  on  many  SR  [3];  in  this  case  the  beam  evo¬ 
lution  is  characterized  by  a  periodic  fast  blow-up  of  the  en¬ 
ergy  spread  and  bunch  length  followed  by  a  damping.  In 
other  cases,  the  effect  of  the  instability  is  less  dramatic  and 
simply  manifests  in  a  smooth  increase  of  the  beam  energy 
spread  and  bunch  length  with  current  [  1  ] . 

Longitudinal  instabilities  can  be  basically  grouped  in  two 
classes:  the  fast  ones,  which  are  characterized  by  coher¬ 
ent  (or  pseudo-coherent)  oscillations  at  frequencies  close 
to  the  synchrotron  frequency  (and  its  harmonics)  and  the 
slow  ones,  whose  typical  frequencies  range  from  50  to  few 
hundred  Hz.  Since  coherent  synchrotron  oscillations  repre¬ 
sent  the  ’’natural”  beam  response  to  kick-like  external  per¬ 
turbations,  slow-frequency  instabilities  often  induce  high- 
frequency  ones. 

The  ELETTRA  SR  is  currently  operated  over  a  wide 
electron-energy  range.  The  high-energy  multi-bunch  op¬ 
eration  mode  (2-2.4  GeV),  which  is  characterized  by  a  bet¬ 
ter  beam  stability  (the  synchrotron  damping  being  more  ef¬ 
fective),  is  the  standard  one  for  experiments  requiring  high 
fluxes.  An  increasing  interest  is  being  manifested  in  the  op¬ 
eration  mode  where  the  machine  is  run  in  few-bunch  filling 
mode  at  relatively  low  energies  (0.75-1.5  GeV).  In  fact,  this 
low-energy  domain  is  well  suited  both  for  FEL  operation 
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[4],  [5]  and  for  experiments  exploiting  the  time  structure  of 
synchrotron  radiation. 

IMPEDANCE  AND  SINGLE-BUNCH 
MEASUREMENTS 

During  the  first  year  of  commissioning  (1993-94)  it  was 
possible  to  store  in  the  ELETTRA  storage  ring  more  than 
60  mA  in  single  bunch  and  more  than  700  mA  in  multi- 
bunch.  According  to  calculations  performed  in  the  same 
period,  the  longitudinal  broad  band  impedance  was  <  0.5 
(measured  <  0.5  )  ft  and  the  transverse  one  <  200  (mea¬ 
sured  130  )  kQ/m  giving  a  tune  shift  with  current  of  about 
0.12  ±  0.02  kHz/mA  [6]. 

Since  then,  many  new  installations  took  place,  the  most  se¬ 
rious  from  the  impedance  point  of  view  being  the  replace¬ 
ment  of  straight  section  vacuum  chamber  with  low  gap 
ones.  With  each  new  installation  a  broad  band  transverse 
impedance  increase  of  about  0.1  kHz/mA/installation  has 
been  measured.  An  even  greater  increase  [7]  has  been  mea¬ 
sured  when  Aluminum  chambers  with  NEG  (Ti,  Va,  Zr) 
sputtered  material  was  used  [8].  Although  since  1994  the 
transverse  impedance  increased  by  about  a  factor  12,  this 
did  not  affect  the  multi-bunch  operating  mode.  However, 
a  great  reduction  of  the  maximum  stored  current  and  of 
the  beam  stability  has  been  observed  when  the  machine  is 
operated  in  single-bunch  mode.  The  theoretical  transverse 
mode  coupling  threshold  is  now  at  about  14  mA/bunch  [7] 
whereas  in  1994  was  above  40  mA.  No  clear  change  of 
the  longitudinal  effective  impedance,  that  was  Z  ~  0.2Q, 
has  been  measured  until  2000.  Recent  measurements  [7] 
of  bunch  length  versus  single  bunch  current  have  been 
performed  using  a  double  sweep  streak  camera:  Figure  1 
shows  the  bunch  length  increse  detected  at  the  end  of  2002 
together  with  the  reduction  of  the  maximum  current  stored 
in  a  single  bunch  indicating  an  impedance  of  0.320,  i.e.  a 
change  of  50%. 

The  biggest  contributors  to  the  longitudinal  impedance 
are  the  main  rf-cavities  and,  although  since  2000  there  was 
installed  a  longitudinal  kicker  as  a  part  of  a  longitudinal 
multi-bunch  feedback  (spring  2002)  and  a  third  harmonic 
super-conducting  cavity  (autumn  2002),  this  change  cannot 
be  attributed  solely  to  the  increase  of  the  cut-off  frequency 
being  now  above  3.5  GHz. 

Figures  2  and  3  show  the  behaviour  of  the  bunch 
length  and  of  the  energy  spread,  as  a  function  of  the  beam 
current,  when  ELETTRA  is  operated  at  0.75,  0.9  and 
1.5  GeV.  Measurements  of  energy  spread  are  based  on 
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Figure  1:  Bunch  length  as  a  function  of  the  beam  current 
(single  bunch).  Measurements  performed  in  1999  and  2002 
at  0.9  GeV.  Data  have  been  acquired  over  the  whole  current 
range  by  means  of  a  double  sweep  streak  camera.  The  ab¬ 
solute  error  on  each  point  is  about  2  ps. 


I(mA) 

Figure  3:  Beam  energy  spread  as  a  function  of  the  beam 
current  (single  bunch)  at  0.9  and  1.5  GeV.  The  natural 
(i.e.  close-to-zero  current)  values  at  0.9  and  1.5  GeV  are 
0.36*  10-3  and  0.6-10-3,  respectively. 


the  analysis  of  the  spectrum  of  the  spontaneous  radiation 
emitted  by  the  FEL  optical  klystron,  as  reported  in  [9]. 


Figure  2:  Bunch  length  as  a  function  of  the  beam  current 
(single  bunch)  at  0.75,  0.9  and  1.5  GeV.  Data  have  been 
acquired  by  means  of  a  double  sweep  streak  camera.  The 
absolute  error  on  each  point  is  about  2  ps. 

It  is  worth  pointing  out  that  while  the  natural  bunch 
length  and  energy  spread  at  1.5  GeV  are  larger  than  the  cor¬ 
responding  values  at  0.9  GeV  (in  agreement  with  theory), 
the  trend  is  reversed  already  at  relatively  small  values  of 
the  beam  current  (roughly  1  mA).  This  result  confirms  that 
the  effect  of  the  microwave  instability  is  reduced  when  the 
energy  is  increased.  The  curve  of  the  energy  spread  at  1.5 
GeV  in  Figure  3  shows  the  transition  between  the  potential 
well  distortion  (pwd)  regime  [10],  in  which  an  increase  of 
the  bunch  length  is  observed  (Figure  2)  while  the  energy 
spread  stays  almost  constant,  and  the  microwave  instability 
regime  [11],  characterized  both  by  an  "anomalous”  bunch 
lengthening  and  by  an  increase  of  the  energy  spread.  The 
current  threshold,  I  thy  i.e.  the  so-called  Boussard  parame¬ 
ter  [12],  is  given  by 


qOl2 

Znfn 


(1) 


where  E  is  the  nominal  electron-beam  energy,  cr6j0  the 


natural  energy  spread,  a  the  momentum  compaction  factor 
and  Zn  the  broad  band  impedence  (n  being  the  the  har¬ 
monic  of  the  revolution  frequency).  The  previous  relation 
shows  that  a  suitable  modification  of  the  beam  optics  could 
allow  to  extend  the  current  range  in  which  ELETTRA  is 
operated  in  pwd  regime,  possibly  improving  the  the  FEL 
performance. 

SINGLE-BUNCH  INSTABILITIES 

As  a  general  remark,  it  is  important  to  point  out  that 
while  the  behaviour  of  the  bunch  length  as  a  fimction  of  the 
beam  current  has  been  found  well  reproducible,  the  same 
does  not  hold  when  the  stability  is  regarded  on  a  temporal 
scale  of  the  order  of  few  synchrotron  period  (tens  of  /xs)  or 
larger.  Although  a  slight  misalignment  of  the  machine  may 
have  its  influence,  this  lack  of  reproducibility  seems  mainly 
due  to  the  presence  of  non-systematic  effects,  such  as  a  50 
Hz  perturbation  (and  its  harmonics),  whose  origin  has  not 
been  for  the  moment  fully  clarified.  This  slow  instability 
may  manifest  in  different  ways,  e.g.  as  a  "kick”  (Figure  4) 
or  as  a  continuous  modulation  (Figure  5) ,  and  it  can  be  at 
the  origin  of  fast  synchrotron-like  instabilities. 

In  most  cases,  the  center  of  mass  of  the  electron  bunch 
has  been  found  subject  to  synchrotron  oscillations  (Figure 
4b),  the  amplitude  of  which  is  found  to  be  both  energy  and 
current  independent.  A  recurrent  mechanism  which  is  at 
the  origin  of  these  oscillations  is  shown  in  figure  4a:  the 
study  of  the  beam  evolution  on  a  long  (several  ms)  tem¬ 
poral  scale  shows  the  occurrence  of  a  kick  that  excites  the 
beam  every  20  ms;  the  synchrotron  oscillations  represent 
the  ’’natural”  beam  response  to  the  perturbation.  Figure  5c 
shows  that,  once  excited,  the  synchrotron  oscillations  relax 
with  a  characteristic  time  (less  than  10  ms)  much  shorter 
than  the  synchrotron  damping  time,  which  is  around  86  ms 
for  the  case  shown  in  Figure  4. 

As  it  has  been  previously  mentioned,  the  50  Hz  perturba¬ 
tion  (or  its  harmonics)  may  also  manifest  itself  as  a  con¬ 
tinuous  modulation.  In  this  case,  as  it  is  shown  in  Figure 
5,  the  beam  centroid  tends  to  follow  the  dynamics  of  the 
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Figure  4:  Figure  a):  streak  camera  image  of  the  electron  beam  at  0.9  GeV  (0.5  mA).  Along  the  vertical  axis  one  can  follow 
t  e  evolution  in  time  of  the  temporal  beam  distribution  while  a  horizontal  cut  provides  the  beam  distribution  profile.  Figure 
).  zoom  along  the  vertical  axis  of  figure  a)  allowing  to  visualize  the  beam  dynamics  on  a  temporal  scale  of  the  order  of 
few  synchrotron  periods.  Figure  c):  Evolution  of  the  amplitude  of  the  synchroton  oscillations  (observed  in  figure  b))  as 
obtained  by  the  analysis  of  Figure  a). 


Figure  5:  Figure  a):  streak  camera  image  of  the  electron  beam  at  0.9  GeV  (6  mA).  Figure  b):  Evolution  of  the  position  of 
the  beam  center  of  mass  of  as  obtained  by  the  analysis  of  Figure  a). 

instability. 


CONCLUSIONS  AND  PERSPECTIVES  REFERENCES 


Continuous  measurements  carried  out  at  ELETTRA  al 
low  to  characterize  the  evolution  of  the  electron  beam  qual 
ity  when  the  SR  is  operated  in  the  single-bunch,  low-energ; 
configuration.  The  study  of  the  single-bunch  configuratioi 
is  to  be  considered  as  propedeutic  to  the  few-bunch  oper 
ation  mode  which  is,  in  turn,  suitable  for  a  number  of  ap 
plication  exploiting  the  time  structure  of  the  synchrotroi 
radiation.  The  study  points  out  the  existence  of  non-trivia 
phenomena,  such  as  the  coupling  between  a  slow  (50  Hz 
perturbation  and  fast  synchrotron-like  instabilities.  The  on 


gin  of  this  non-systematic  perturbation  will  be  the  topic  of 
a  future  dedicated  analysis. 
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INJECTION  AND  FEL  LASING  WITH  FRONT  END  OPEN  AT  ELETTRA 
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ELETTRA,  Trieste,  Italy 


Abstract 

In  view  of  the  construction  of  the  new  full-energy 
injector  at  ELETTRA,  radiation  dose  measurements  have 
been  performed  to  study  the  scenario  of  beam  losses  in 
top-up  regime  and  to  explore  potential  conditions  of 
radiation  hazard  for  personnel.  Measurements  of  gamma 
and  neutron  radiation  fields  have  been  carried  out  in  the 
experimental  hall  varying  the  injection  efficiency  while  a 
beamline  front-end  was  open.  In  this  context,  FEL  lasing 
experiments  were  performed  while  in  injection  mode.  The 
collected  data  as  well  as  future  developments  are 
presented  and  discussed. 

PRELIMINARY  STUDY  OF  DETECTOR 
RESPONSE 

During  injection  with  front-end  open,  two  ionisation 
chambers  (see  Fig.l)  produced  by  PTW  Freiburg  (model 
32002  -  volume  1000  cm3  and  model  32003  -  volume 
10000  cm3)  were  placed  inside  the  ring  and  the  front-end 
hutch  to  measure  radiation  yield. 


Figure  1:  PTW  chamber. 


The  response  of  these  detectors  to  high  intensity  pulsed 
radiation  fields  was  previously  investigated  to  obtain 
their  response  curves  and  to  evaluate  the  saturation  level 
beyond  which  they  start  to  significantly  underestimate  the 
doserate. 

With  this  goal  in  mind  the  detectors  were  placed  at 
different  lateral  distances  with  respect  to  the  linac 
beamstopper,  and  integrated  doses  were  measured  at 
various  currents  with  the  beam  hitting  the  beamstopper 
itself,  as  shown  in  Fig.2,. 
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Figure  2:  Layout  of  experiments  performed  to  investigate 
PTW  response  to  high  intensity  pulsed  radiation  fields. 


The  Linac  beam  was  operated  at  900  MeV  with  a 
repetition  rate  of  10  Hz  and  a  pulse  length  of  70  nsec;  the 
pulse  amplitude  was  varied  according  to  needs.  Results 
are  shown  in  Figs.  3a  and  3b. 
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Figure  3a:  Response  of  the  32003-PTW  ionization 
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Figure  3b:  Response  of  the  32002-PTW  ionization 
chamber. 


The  response  of  the  32003-PTW  ionization  chamber 
can  be  considered  linear  up  to  a  beam  power  of  about  5  W 
(doserate  ~  300  mGy/h),  whereas  for  the  32002-PTW 
ionization  chamber  this  limit  is  reached  at  10  W  (doserate 
«  700  mGy/h). 
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INJECTION  WITH  FRONT-END  OPEN, 

The  great  advantage  of  operating  the  future  new 
injector  of  Elettra  in  top-up  mode  is  that  the  beam  current 
will  be  kept  constant  within  0.1%  to  1%  of  the  maximum 
level. 

Safety  issues  related  to  injection  with  open  photon 
shutters  and  beamstoppers  have  to  be  considered  in  order 
to  design  an  appropriate  safety  system  and  radiation 
monitoring  network  [l]-[7].  Preliminary  experiments 
have  been  carried  out  to  evaluate  the  radiation  levels 
produced  outside  the  shielding  when  the  beam  is  injected 
with  one  of  the  beamlines  open. 

The  beamline  used  for  this  experiment  was  the 
FEL/Nanospectroscopy  beamline,  the  first  encountered  by 
the  beam  after  injection.  It  is  an  optical-klystron  (i.e.  two 
undulators  separated  by  a  dispersive  section)  beamline 
with  an  aluminium  low  gap  (14  mm  internal  aperture) 
vacuum  chamber  that  can  be  used,  in  conjunction  with  its 
back-end,  at  0.9  to  1 .5  GeV  to  drive  a  Free  Electron  Laser 
(PEL). 

Machine  behaviour  was  studied  during  normal  injection 
conditions.  Furthermore,  in  order  to  study  possible  beam 
loss  scenarios  during  inefficient  injection,  controlled 
“bumps”  were  applied  to  the  beam  in  the  straight  section 
upstream  of  the  operating  beamline,  to  force  partial  or 
total  beam  losses  close  to  the  beamline  front-end  (FE). 
These  bumps  consisted  of  vertical  shifts  of  the  beam 
parallel  to  the  vacuum  chamber  axis,  so  as  to  reduce  the 
local  vertical  acceptance. 


Figure  4:  Layout  of  beamline  area  showing  the  positions 
of  gamma  (green  circles)  and  neutron  (red  circles) 
monitors  and  PTW  chambers  (yellow  circles).  The 
readings  of  labelled  monitors  (G=gamma,  N=neutron)  are 
shown  in  Table  5.  Unlabelled  monitor  readings  were 
comparable  with  the  natural  radiation  background  and  are 
not  reported. 


During  all  these  experiments,  radiation  measurements 
were  performed  in  the  machine  tunnel  close  to  the  front- 
end,  and  inside  the  beamline  hutch  using  the  PTW 
chambers  described  above.  A  radiation  survey  in  the 
experimental  hall  was  carried  out  by  means  of 
environmental  Silena  gamma/neutron  monitors  [7]  and 
portable  dosimeters . 

The  layout  of  the  beamline  area  with  the  positions  of 
the  monitors  and  ionization  chambers  is  shown  in  Fig.4. 
Tables  5a  and  5b  list  the  data  from  PTW  chambers  and 
from  the  gamma/neutron  monitors  obtained  during  the 
experiments  both  with  an  efficient  injection  (no  bump) 
and  applying  1  to  4  mm  bumps. 


PTW  measurements  (mSv/h) 

portable 
monitors 
.  (pSv/h) 

bump 

injection 

efficiency 

inside 

ring 

inside  FE 
hutch 

outside  FE 
hutch  door 

0  mm 

77% 

9.8 

2.07 

<  ly.n 

1  mm 

71% 

11.3 

2.5 

<  ly,n 

2  mm 

53% 

28.5 

8.5 

87  +  5  n 

3  mm 

47% 

79.2 

25.0 

30  7  +  23  n 

4  mm 

8% 

223.4 

79.8 

50  y  +  36  n 

Silena  gamma /neutron  monitors  measurements 
(pSv/h) 

bump 

G18 

G19 

N20 

G13 

N14 

0  mm 

0.13 

0.10 

/ 

0.10 

0.20 

1  mm 

0.50 

0.10 

0.12 

0.18 

0.22 

2  mm 

1.10 

0.10 

0.22 

0.30 

0.50 

3  mm 

5.30 

0.20 

0.90 

1.30 

1.20 

4  mm 

11.60 

0.40 

1.70 

2.30 

2.30 

Table  5a  and  5b:  Data  from  PTW  chambers,  portable 
dosimeters  and  environmental  gamma  and  neutron 
monitors  (y=gamma,  n=neutron,  G-gamma,  N=neutron). 

Results  of  the  survey  outside  the  hutch  (reported  in 
tables  5)  demonstrate  that  radiation  detected  in  the 
experimental  hall  in  the  forward  direction  is  significantly 
lower  than  the  one  measured  laterally,  next  to  the  door. 

This  is  due  to  the  fact  that  consistent  shielding  (25  cm 
of  lead)  was  placed  downstream  of  the  first  mirror  of  the 
beamline  to  shield  against  the  products  of  gas 
bremsstrahlung  during  conditioning  of  the  aluminium 
vacuum  chamber.  The  lateral  5  cm  lead  wall,  present  for  * 
the  same  reason,  was  not  always  sufficient  to  shield  from 
losses  produced  during  inefficient  injection  (2  to  4  mm 
bumps). 

Similar  measurements  performed  as  described  above, 
but  with  the  front-end  closed,  also  showed  that,  under 
worst  conditions,  radiation  fields  were  one  order  of 
magnitude  less  than  the  corresponding  data  taken  with  the 
front-end  open. 
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FEL  MEASUREMENTS 

A  preliminary  set  of  experiments  were  carried  out  to 
study  the  effect  of  the  storage  ring  FEL  on  the  instability 
threshold  that  limits  the  maximum  current  that  can  be 
injected  in  a  single  bunch. 

During  their  motion,  the  electrons  interact  with  the  ring 
environment.  This  interaction  manifests  itself  as  an 
electromagnetic  wake  field  that  acts  on  the  electrons  and 
may  perturb  their  stability.  The  microwave  instability  [8] 
is  one  of  the  mostly  likely  observed.  It  may  limit  the 
maximum  current  that  can  be  stored  in  a  single  bunch  and 
leads  to  an  increase  of  energy  spread  with  consequent 
anomalous  bunch  lengthening  [9, 10]. 

In  a  SR  based  FEL,  like  ELETTRA  [11,  12],  the 
electron  beam  is  recirculated  many  times  in  an  optical 
cavity  where  it  radiates  coherently.  The  multipass 
interaction  of  the  beam  with  the  radiated  power,  stored  in 
the  optical  cavity,  induces  bunch  lengthening  and  energy 
spread  that  cause  the  FEL  to  saturate  [13]. 

On  this  basis,  one  can  argue  that  longitudinal 
instabilities  and  FEL  dynamics  are  competing  non-linear 
mechanisms  generating  noise,  since  both  effects  are  based 
on  the  increase  of  the  electron  beam  energy  spread  and 
bunch  length  [14].  In  fact,  the  competition  between  the 
two  processes  can  be  traced  to  the  mutual  feedback 
between  the  respectively  induced  electron  beam  effects, 
that  can  lead  to  the  collapse  of  one  of  the  other  growing 
effect.  If,  for  example,  the  laser  is  able  to  develop,  the 
instability  is  completely  counteracted  even  though  ready 
to  grow  again  when,  for  any  reason  (for  example  due  to 
an  external  perturbation),  the  laser  is  switched  off. 

In  this  context,  one  can  expect  that  beam  injection 
when  the  laser  oscillation  is  established  may  lead  to  a 
higher  threshold  for  the  instability  that  limits  the 
maximum  single  bunch  current.  The  preliminary  set  of 
experiments  confirms  this  trend:  the  instability  threshold 
turned  out  to  be  shifted  to  12  mA  per  bunch  while  the 
maximum  current  stored  in  the  absence  of  the  FEL 
(identical  machine  conditions)  was  10  mA.  This  result  is 
in  good  agreement  with  the  same  kind  of  measurements 
performed  at  Duke,  where  an  increase  of  the  single-bunch 
current  of  more  than  20  %  has  been  found  when  the 
machine  is  operated  in  a  top-up  regime  and  in  the 
presence  of  the  FEL  oscillation  [15]. 

More  systematic  experiments,  as  well  as  a  dedicated 
theoretical  analysis  aimed  at  modelling  the  FEL 
interaction  with  the  instability  responsible  for  the  single¬ 
bunch  current  limitation  are  foreseen  in  the  near  future. 

SUMMARY 

Results  obtained  from  a  set  of  systematic  measurements 
performed  during  injection  with  a  front-end  open  have 
shown  that,  if  the  injection  efficiency  is  over  70%,  the 
radiation  levels  outside  the  beamline  hutch  are  within  the 
limits  provided  for  unclassified  areas.  When,  however,  the 
beam  is  forced  to  be  lost  along  the  beamline  low-gap 
vacuum  chamber  inside  the  ring,  radiation  doserates 
increase  significantly. 


These  experimental  results  are  useful  because  they  help 
in  predicting  the  radiation  fields  detectable  inside  the 
experimental  hall  if,  during  top-up  injection,  the  electrons 
bunches  are  not  correctly  injected  inside  the  ring  and  are 
lost  along  the  ring  vacuum  chambers.  Further  experiments 
will  be  performed  to  investigate  other  possible  beam  loss 
scenarios  (i.e.  changing  the  status  of  injection  kickers  or 
applying  different  kinds  of  corrections  to  the  beam  orbit 
to  study  the  beam  loss  distribution).  All  the  results  will  be 
taken  into  account  in  designing  an  appropriate  safety 
system  and  radiation  monitoring  network  for  the  new 
injector. 

The  top-up  regime  also  revealed  itself  to  be  very 
interesting  for  FEL  operation.  A  preliminaiy  set  of 
experiments  seems  to  confirm  that  injecting  while  the 
laser  oscillation  is  established  leads  to  a  higher  threshold 
for  the  instability  that  limits  the  maximum  single  bunch 
current.  The  possibility  of  increasing  the  maximum 
current  compatible  with  FEL  oscillation  is  an  important 
improvement  in  the  performance  of  the  source  in  terms  of 
maximum  extractable  power. 
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Abstract 

The  University  of  Maryland  Electron  Ring  (UMER)  is  a 
small-scale  experiment  on  space-charge  dominated 
beams.  The  100  ns,  10  keV  electron  beam  fills  up  nearly 
one-half  of  the  ring  circumference.  Here  we  review  two 
models  for  the  evolution  of  such  beams,  and  present  some 
initial  results  of  measurements  of  longitudinal  beam 
expansion  for  two  initial  line  charge  profiles. 

1  INTRODUCTION 

The  University  of  Maryland  Electron  Ring  (UMER)  is  a 
compact,  low-energy  transport  system  built  to  study  the 
physics  of  space-charge  dominated  beams  [1,2].  The 
beam  is  produced  by  a  10-keV  electron  gun  with  current 
adjustable  from  550  pA  to  100  mA.  This  allows  UMER 
to  operate  in  both  the  transverse  emittance  dominated  and 
transverse  space-charge  dominated  regimes.  UMER  is 
designed  with  operating  parameters  that  allow  it  to  serve 
as  a  model  system  for  beams  of  very  high  intensity  in  a 
strong  focusing  lattice  such  as  those  for  spallation  neutron 
sources  or  heavy  ion  inertial  confinement  fusion  (HIF) 
drivers  [3]. 

Longitudinal  space-charge  effects  are  an  area  of 
particular  interest  for  both  UMER  and  HIF.  In  UMER, 
the  beam  initially  fills  half  the  ring.  Longitudinal  space- 
charge  forces  will  cause  the  beam  to  expand,  ultimately 
filling  the  entire  ring  and  making  extraction  impossible. 
For  HIF,  certain  designs  call  for  longitudinal  compression 
of  the  beam  to  increase  the  beam  density  delivered  to  the 
target  [4].  For  both  projects,  an  improved  understanding 
of  longitudinal  effects  is  needed,  including  both  free 
expansion  and  beam  compression. 

To  this  end,  we  are  conducting  a  detailed  study  of 
longitudinal  dynamics  in  UMER.  Here  we  describe  two 
models  for  the  longitudinal  behavior  of  space-charge 
dominated  beams  and  report  the  initial  results  of 
longitudinal  experiments  on  drifting  beams. 

2 THEORY 

2. 1  Longitudinal  Envelope  Equation 

The  most  general  description  for  the  longitudinal 
behavior  of  beams  is  the  longitudinal  envelope  equation 
(LEE)  [5-10].  For  a  space-charge  dominated  beam  with 
no  focusing,  the  LEE  becomes 

-  Kl 

Z  (1) 
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Here  z  is  the  RMS  length  of  the  beam,  KL  is  the 
longitudinal  generalized  perveance,  and  the  primes  denote 
differentiation  with  respect  to  S ,  the  distance  traveled 
from  the  cathode.  The  generalized  longitudinal  perveance 
is  given  by 

K  -  3  S_N  l 

L  2j32r54ns0mc2  ° 

where  N  is  the  total  number  of  particles  in  the  bunch,  m 
is  the  mass  of  the  electron,  q  is  the  charge  of  the  electron, 

£0 1  C »  p ,  and  y  have  their  customary  meanings. 
The  geometry  factor  g  is  given  approximately  by 

g  =or+2In^j  (3) 

where  b  is  the  radius  of  the  beam  pipe,  a  is  the  radius  of 
the  beam,  and  Ct  is  a  constant  that  is  variously  cited  as  0 
[1 1],  0.5  [12],  0.67  [5],  or  1  [5]. 

The  LEE  is  derived  for  a  beam  with  a  parabolic  line 
charge  density.  However,  in  longitudinal  theory  the 
parabolic  line  charge  density  serves  the  same  role  that  the 
K-V  distribution  serves  in  transverse  theory.  That  is,  the 
parabolic  beam  can  be  taken  as  an  equivalent  line  charge 
density  for  a  beam  with  the  same  number  of  particles,  the 
same  emittance,  and  the  same  RMS  length  [9].  Therefore 
the  LEE  may  describe  the  evolution,  in  an  RMS  sense,  of 
any  beam. 

2.2  One-Dimensional  Cold  Fluid  Model 

A  second  theory  to  describe  the  longitudinal  evolution 
of  beams  is  the  one-dimensional  cold  fluid  model  (CFM). 
The  CFM  applies  only  to  beams  which  are  totally  space- 
charge  dominated.  In  the  CFM,  the  longitudinal  evolution 
of  a  beam  is  given  by  the  one-dimensional  continuity 
equation 

— +— vA  =  0  (4) 

at  dz 

and  the  momentum  equation  [12] 

^  +  _ (5) 

dt  dz  A7t£0my5  dz 
Here  A  is  the  local  line  charge  density,  z  is  the  position 
in  the  rest  frame  of  the  beam,  v  is  the  local  particle 
velocity  in  the  rest  frame  of  the  beam,  and  t  is  time.  Note 
that  the  momentum  equation  is  the  Euler  equation  for 
compressible  fluid  flow  [13],  with  the  pressure  term 

q 

replaced  by  £  ,  where 

my 
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-g  M 
4ne0y2  dz 


(6) 


is  the  expression  for  the  longitudinal  space  charge  force  in 
the  beam  in  the  limit  of  slowly  varying  X ,  and  my3  is 
the  longitudinal  effective  mass  [5].  In  the  special  case  of 
a  beam  with  an  initially  rectangular  line  charge  profile, 
these  equations  can  be  solved  to  describe  the  longitudinal 
erosion  of  the  beam  [14].  This  erosion  occurs  through  the 
propagation  of  a  shock  wave  from  each  end  of  the  beam 
towards  the  center  at  the  speed  of  sound  in  the  beam 
[4,10], 


c  _  / 
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(7) 


As  the  shock  wave  passes  a  particle,  it  is  accelerated, 
eventually  reaching  its  escape  velocity  2 c0.  The 

resulting  line  charge  and  velocity  distributions  for  the 
leading  edge  of  the  beam  are 


Mz,t)  = 


and 


^2  ±  1  z-Zq^2 

3  3  tc0  j 


(8a) 


v<«>  =  - 


Z“Z0 


+  cf 


(8b) 


Here  Aq  is  the  initial  line  charge  density  of  the 
rectangular  pulse,  z  is  the  location  in  the  beam  with 
Z  —  0  at  the  beam  center,  z0  is  the  initial  location  of  the 


front  or  rear  edge  of  the  beam,  and  t  is  the  time  measured 
from  t  =  0  when  the  beam  is  created.  The  upper  sign  is 
used  when  considering  erosion  of  the  flat  top  from  its  rear 
edge,  and  the  lower  sign  is  used  when  considering  erosion 
of  the  flat  top  from  its  leading  edge.  Equations  (8a)  and 
(8b)  are  only  valid  so  long  as  the  forward-traveling 
shockwave  and  the  rear-traveling  shockwave  have  not 
met.  Once  they  meet,  the  flat  top  has  been  eliminated  and 
the  beam  is  "all  ends."  After  this  time,  the  shock  waves 
which  caused  the  flat  top  to  erode  begin  to  overlap,  and 
the  resulting  nonlinear  equations  cannot  be  solved 
exactly.  An  approximate  solution  is  given  in  Ref.  [4]. 


3  EXPERIMENTS 

3.1  General 

UMER  is  still  under  construction  at  this  time,  so  the 
initial  longitudinal  measurements  were  taken  using  the 
existing  portions  of  the  machine,  including  the  straight 
injection  section  (~1.5  mlong)  and  180°  of  arc  of  the  ring. 
The  total  length  of  the  existing  sections  used  for 
longitudinal  measurements  is  7.54  m  from  the  cathode  to 
the  last  current  monitor.  The  beam  pipe  radius  in  UMER 
is  25.4  mm,  while  the  average  beam  radius  in  the  ring's 
quadrupole  focusing  channel  is  5.3  mm  for  the  24-mA 
beam  and  9.5  mm  for  the  85-mA  beam 


Measurements  of  the  beam  line  charge  profile  were 
made  using  one  Bergoz  fast  current  transformer  (FCT) 
and  one  fast  beam  position  monitor  (BPM)  in  the  injection 
section,  nine  additional  fast  BPMs  placed  every  64  cm 
around  the  existing  portions  of  the  ring,  and  a  second 
Bergoz  FCT  48  cm  after  the  last  BPM.  (During  the  actual 
experiment,  the  BPM  at  5.78  m  downstream  from  the 
cathode  was  not  available.)  The  BPMs  used  for  these 
measurements  are  designed  to  act  as  fast  current  monitors 
as  well  as  to  detect  beam  centroid  position,  and  have  a 
measured  resolution  (10%-90%  rise  time)  of  1.7  ns  [15]. 
An  improved  energy  analyzer  is  currently  under 
development  and  will  be  included  in  UMER  in  the  near 
future  [16]. 

3.2  Expansion  of  Rectangular  Beam 

The  standard  initial  beam  profile  produced  in  UMER  is 
a  rectangular  pulse  with  length  of  100  ns  and  rise  time  of 
approximately  2  ns  produced  by  thermionic  emission 
from  a  dispenser  cathode.  As  a  test  of  the  CFM,  the  rise 
time  of  the  beam  was  measured  for  85-mA  and  24-mA 
beams  as  they  traveled  through  the  existing  7.54  m  of 
beam  line.  The  20%-80%  rise  time  was  used  to  limit  the 
effects  of  detector  circuit  ringing  on  the  measurement. 
The  measured  rise  times  were  then  compared  to  those 
predicted  using  Eq.  (8a)  (Fig.  1). 


Figure  1:  Increase  in  rise  time  of  rectangular  beam  with 
distance  from  cathode  for  85-mA  and  24-mA  beams. 


For  both  current  levels  the  increase  of  the  rise  time  with 
distance  from  the  cathode  followed  the  linear  trend 
predicted  by  Eq.  (8a)  after  the  beam  had  traveled  through 
approximately  half  the  existing  transport  line.  For  the  24- 
mA  beam  the  observed  rise  time  remained  constant  at  1.7 
ns  over  the  first  3  m  of  beam  line.  This  may  suggest  that 
the  expansion  predicted  by  Eq.  (8a),  which  assumes  an 
initial  perfect  rectangular  beam,  is  obscured  by  the  ~2-ns 
initial  beam  rise  time  associated  with  the  limitations  of  the 
gun  and  pulser.  It  is  also  possible  that  the  beam  rise  time 
in  this  region  is  smaller  than  the  BPMs  or  FCTs  can 
detect.  The  85-mA  beam  closely  follows  the  expected 
linear  trend  after  traveling  4.5  m  from  the  cathode. 
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Before  this  point,  the  measured  rise  time  is  less  than 
expected.  The  source  of  this  discrepancy  is  unknown  at 
this  time. 

A  least-squares  fit  was  made  to  the  rise  time  data, 
assuming  linear  expansion  beginning  at  the  origin.  Only 
data  taken  far  from  the  cathode  where  the  rate  of  increase 
was  linear  was  included  (s  >  4.5  m  for  85  mA,  s  >  3.9  m 
for  24  mA).  These  fits  were  compared  with  the  expected 
rate  of  increase  of  the  20%-80%  rise  time  based  on  Eq. 
(8a)  in  order  to  determine  the  value  of  the  geometry  factor 
g  .  The  resulting  values  were  g  =  2.82  for  the  85-mA 
beam,  and  g  =  4.25  for  the  24-mA  beam  This  gives 
(X  =  0.85  ±  0.25  for  the  85-mA  beam  and 
^“1- 12  +  0.25  for  the  24-mA  beam,  and  an  average 
value  of  <  a  >=  0.985  ±  0.25 . 

33  Expansion  of  Photoemission  Beam 

The  UMER  gun  was  designed  for  use  with  a  dispenser 
cathode  operating  as  a  thermionic  emission  source. 
Recenf  work  at  Maryland  has  investigated  the  use  of 
dispenser  cathodes  as  photoemission  sources  [17].  As  a 
byproduct  of  this  research,  UMER  has  been  modified  by 
the  addition  of  an  adjustable  mirror  inside  the  first 
diagnostics  chamber,  which  allows  the  cathode  to  be 
illuminated  from  outside  the  beam  pipe  with  laser  light. 
The  laser  used  on  UMER  is  an  Nd:YAG  laser  with  some 
of  its  light  shifted  into  the  green  with  external  nonlinear 
crystals.  The  laser  pulse  is  4.5  ns  long,  and  Gaussian  in 
profile.  This  allows  us  to  produce  short  beams  of 
Gaussian  line  charge  profile  in  addition  to  longer 
rectangular  pulses. 

The  longitudinal  expansion  of  a  24  mA  peak  current 
beam  was  measured  with  the  same  FCTs  and  BPMs  used 
to  study  the  expansion  of  the  rectangular  beam.  The 


Distance  from  Cathode  (m) 

Figure  2:  Increase  in  length  of  photoemission  beam  with 
24  mA  peak  current.  Curves  are  calculated  from  LEE 
using  measured  initial  slope  and  length  of  beam.  Solid 
curve  is  for  a  =  1  and  dashed  curve  is  for  a  =  0. 


Also  shown  in  Fig.  2  are  theoretical  expansion  curves 
calculated  from  the  LEE  assuming  two  values  for  a. 
The  initial  beam  length  and  initial  rate  of  increase  used  to 
generate  these  curves  were  taken  from  experiment. 

4  CONCLUSIONS 

Initial  experiments  have  commenced  to  study  the 
longitudinal  behavior  of  space-charge  dominated  beams 
in  UMER.  These  experiments  show  expansion  of  beams 
with  rectangular  and  Gaussian  line  charge  profiles  in  the 
absence  of  focusing  which  is  in  agreement  with  the  CFM 
and  the  LEE,  respectively.  Initial  measurements  of  the 
constant  CL  suggest  its  value  is  approximately  one. 
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Table  1:  List  of  CLIC  damping  ring  parameters. 


The  CLIC  damping  ring  design  is  optimized  to  produce  a 
beam  with  ultra  low  emittances.  The  lattice  for  such  a  ma¬ 
chine  requires  a  small  value  of  the  optical  functions,  a  large 
number  of  compact  arc  cells  and,  for  the  chromatic  correc¬ 
tion,  strong  sextupoles,  that  introduce  significant  nonlin¬ 
earities,  decreasing  the  dynamic  aperture.  In  this  paper,  the 
nonlinear  optimization  of  the  damping  ring  lattice  is  de¬ 
scribed. 

CLIC  LATTICE  DESIGN 

The  Theoretical  Minimum  Emittance  (TME)  lattice  [3, 
4,  5,  6,  8,  9]  is  most  suitable  for  the  low  emittance  com¬ 
pact  arc  cell  needed  for  the  damping  ring  of  CLIC  [1]. 
The  length  of  a  cell  is  important  since  the  damping  time 
is  directly  proportional  to  the  ring  circumference.  Com¬ 
paring  the  minimum  emittance  of  the  TME  lattice  with 
the  minimum  emittances  produced  by  three  other  lattice 
types  (Double  Focusing  Achromat,  Triplet  Achromat  Lat¬ 
tice,  Triple  Bend  Achromat)  [10]  for  a  fixed  bending  angle 
0,  we  obtain  the  following  ratios: 


-mm 

1 DFA  _  o 
-min 
' TME 


Parameter 

Symbol 

Value 

Nominal  ring  energy 

7  me? 

2.424 

No.  of  bunche  trains  stored 

A/ train 

9 

Ring  circumference 

c 

357.2  [m] 

Number  of  cells 

Ncells 

96 

Extracted  hor.  emittance  at  IBS 

620  [nm] 

Extracted  vert,  emittance  at  IBS 

7  ev 

8.7  [nm] 

Extracted  long,  emittance  at  IBS 

7  mc2£t 

4319  [eVxm] 

Extracted  energy  spread  at  IBS 

as 

1.36  x  1CT3 

H.  betatron  tune 

Qx 

72.85 

V.  betatron  tune 

Qy 

34.82 

Betatron  coupling 

£yo/£xO 

2.1% 

Field  of  bending  magnet 

Ba 

9.32  [kG] 

Length  of  bending  magnet 

L 

0.545  [m] 

Phase  advance  per  arc  cell 

Wx/  Hy 

210790° 

Field  of  wiggler 

Bw 

17.64  [kG] 

Momentum  compaction 

aP 

0.731  x  10“4 

Energy  loss  per  turn 

U0 

2.1916  [MeV] 

RF  frequency 

frf 

1500  [HHz] 

RF  voltage 

vm 

3.0  [MV] 

Revolution  time 

Tr 

1.191  [fis] 

Harmonic  number 

h 

1786 

The  energy  for  the  CLIC  damping  ring  was  chosen  as 
2.42  GeV.  At  lower  energy  (for  example  1 .98  GeV),  the  in¬ 
trabeam  scattering  (IBS)  is  much  stronger.  The  IBS  growth 
time  is  proportional  to  76,  while  the  damping  time  is  in¬ 
versely  proportional  to  73. 

A  TME  arc  cell  of  the  CLIC  damping  ring  comprises 
four  quadrupoles  and  a  combined  function  bending  magnet. 
The  two  arcs  of  the  ring  are  connected  by  long  dispersion- 
free  straight  sections  that  include  RF  cavities,  FODO  cells 
with  damping  wigglers,  and  injection/extraction  sections. 
The  design  parameters  of  the  damping  ring  are  presented 
in  Table  1. 

At  the  exit  of  the  main  linac,  the  horizontal  emittance 
jex  should  not  exceed  680  nm,  and  the  vertical  emittance 
7€y  be  smaller  than  10  nm.  However,  downstream  of  the 
damping  ring  some  additional  emittance  dilutions  are  ex¬ 
pected  both  in  the  linac  and  in  the  bunch  compressors. 

The  values  of  the  equilibrium  transverse  beam  emit¬ 
tances  ex,  £y,  rms  energy  spread  as,  and  rms  bunch  length 
as  were  computed  for  the  proposed  damping  ring  design  by 
a  step-wise  integration  in  time,  using  the  Bjorken-Mtingwa 
formalism  [1 1]  for  the  IBS  growth  rates. 

LINEAR  AND  NONLINEAR  PROPERTIES 

— I  Transformer 

Sextupoles  introduce  both  second  order  geometric  aber¬ 
rations  and  chromatic  aberrations.  If  two  thin-lens  sex¬ 
tupoles  of  equal  strength  are  placed  at  the  entrance  and  exit 


of  a  —I  transformer  the  geometric  aberrations  introduced 
by  the  two  sextupoles  exactly  cancel  each  other.  A  per¬ 
fect  cancellation  of  the  geometric  aberrations  produced  by 
the  sextupoles  would  be  to  place  separate  -I  transform¬ 
ers  of  sextupole  pairs  in  such  a  way  that  they  do  not  inter- 
fer  with  each  other.  In  reality,  the  finite  length  of  the  sex¬ 
tupoles  compromises  this  cancellation.  For  example,  con¬ 
sider  the  1  -D  motion  through  a  pair  of  thick  sextupoles  both 
of  strength  S  and  length  L,  separated  by  a  -I  transformer 
between  the  entrance  of  the  first  and  the  second  sextupole. 
In  Lie  algebra  notation  [7],  the  map  of  the  complete  two- 
sextupole  system  is 

M  =  ef:e:-iLx'*:E 

where  /  denotes  the  linear  (-7)  transformation  between 
the  entrances  of  the  two  sextupoles.  The  error  map  E  is 

E  =  e-%S2L3x*+0(L*): 

The  dominating  term  in  the  error  map  is  of  the  order 
0(I/3),  and  it  looks  like  an  octupole  term. 

Second-Order  Achromat 
In  our  case,  non-interlaced  —I  transformers  with  thin 
sextupoles  are  impossible  to  realize,  because  there  is  not 
enough  space  available  to  arrange  them.  The  small  beta  and 
dispersion  functions  require  a  sufficient  number  of  strong 
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aextupoles 


Figure  1:  Second-order  achromat  of  the  damping  ring. 

sextupoles  in  order  to  correct  the  large  horizonal  and  verti¬ 
cal  chromaticities. 

According  to  Brown’s  1st  theorem  [12,  13],  if  a  lattice 
consists  of  n  identical  cells  with  n  >  3  and  has  a  total  phase 
advance  27rm,  all  second-order  geometric  aberrations  are 
cancelled.  The  uncorrected  geometric  aberrations  intro¬ 
duced  by  the  crosstalk  of  interlaced  -I  sextupolar  trans¬ 
formers  are  of  third  and  higher  order. 

In  the  proposed  damping  ring  design  [9],  interlaced  sex- 
tupole  pairs  are  used  for  the  chromatic  correction.  Nine 
families  of  sextupoles  were  chosen,  located  in  3  adjacent 
arc  cells,  as  it  is  shown  in  Fig.  1  (three  families  for  the  ver¬ 
tical  motion  and  six  families  for  the  horizontal  motion). 

The  damping  ring  comprises  two  arcs,  each  of  which 
consists  of  48  cells.  At  the  given  number  of  TME  arc  cells, 
it  is  possible  to  tune  the  phase  advance  of  the  cell  from 
180°  degree  to  a  maximum  value  of  284°  degree,  keeping 
the  cell  length  less  than  2.5  m.  Taking  into  account  IBS,  a 
larger  phase  advance  per  cell  reduces  the  final  emittances 
and  also  the  average  values  of  betatron  and  dispersion  func¬ 
tion  over  the  cell.  But  it  increases  the  strength  of  the 
sextupoles,  which  induces  strong  nonlinearities  and  con¬ 
sequently  limits  the  dynamic  aperture.  Tuning  the  phase 
advance  by  variation  of  quadrupoles  strength,  drift  length, 
and  gradient  field  of  bending  magnet,  the  natural  chro¬ 
maticities  can  be  minimized.  However,  to  achieve  a  suf¬ 
ficient  beta  split  at  the  location  of  the  sextupoles  is  compli¬ 
cated,  due  the  required  short  length  of  the  arc  cell. 

The  horizontal  and  vertical  phase  advances  per  cell  were 
chosen  as  210°  and  90°  degree  [2],  respectively.  Such 
phase  advances  meet  second-order  achromat  requirements 
and  also  provide  acceptable  emittances.  Three  adjacent  arc 
cells  form  a  super-period.  By  imposing  the  -I  transforma¬ 
tion  conditions  over  6  cells  (cancellation  between  first  and 
seventh  cell,  2nd  and  8th,  3rd  and  9th,  6th  with  12th,  etc.) 
for  both  vertical  and  horizontal  motion,  the  total  phase  ad¬ 
vance  over  four  identical  super-period  cells  is  a  multiple  of 
2? t.  The  X  and  Y  phase  advances  over  12  arc  cells  with 
repetitive  symmetry  are  7  x  2tt  and  3  x  27r,  respectively, 
that  is  a  first  order  transfer  matrix  equal  to  unity  in  both 
transverse  planes.  Thus,  a  second-order  achromat  using  the 
interlaced  -I  transformers  is  assembled,  which  provides  a 
cancellation  of  all  second-order  geometric  aberrations. 


Chromatic  Correction 

The  first  and  second  order  chromatic  terms  are  corrected 
by  matching  the  strengths  of  9  sextupole  families.  With¬ 
out  chromatic  correction  the  natural  first  order  chromatic¬ 
ities  £x  and  £y  are  —115  and  —124  for  the  horizontal  and 
vertical  plane,  respectively.  The  chromaticity  contribution 
of  the  two  very  long  straight  sections  is  A£x  «  23%  and 
Ae*  «  30%. 

The  D-sextupole  is  placed  between  the  two  identical  de- 
focusing  quadrupoles  where  the  beta  split  is  maximum. 
There  are  only  two  possible  location  of  F-sextupoles  for 
the  proposed  arc  cell.  First  position  is  between  the  bending 
magnet  and  the  focusing  quadrupole.  The  second  one  is 
between  the  focusing  and  defocusing  quadrupoles.  At  the 
first  option,  the  strength  of  F  and  D  sextupoles  is  32%  and 
25%  respectively  less  than  in  second  option.  However,  the 
first  option  of  sextupole  placement  gives  significant  tune 
shift  with  amplitude  that  limits  dynamic  aperture.  Thus, 
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Figure  2:  The  tune  shift  versus  momentum  deviation  (bot¬ 
tom)  and  the  same  on  a  resonance  diagram  (top). 
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the  second  option  was  chosen. 

In  fact,  the  strengths  of  all  horizontal  sextupole  families 
are  nearly  equal,  with  a  difference  of  less  than  one  percent. 
The  same  is  true  for  the  vertical  families.  In  the  case  of 
only  two  families,  the  second  order  chromatic  aberrations 
for  the  vertical  and  horizontal  motion  are  not  exactly  equal 
to  zero,  but  d2Qx/dS2  =  16  and  d2 Qy/d62  =  143  still  not 
significantly  contributing  to  the  tune  shift  with  momentum 
deviation. 

The  strengths  of  the  chromatic  sextupoles  are  consider¬ 
able  (but  their  pole-tip  fields  do  not  exceed  a  value  of  2  T, 
which  we  considered  a  reasonable  upper  bound).  The  tune 
shift  over  a  large  momentum  range  of  ±1%  is  shown  in 
Fig.  2.  A  low  periodicity  of  the  damping  ring  results  from 
the  two  long  straight  sections.  The  working  point  for  zero 
momentum  offset  was  chosen  as  Qx/Qy  ->  0.85/0.82. 
The  working  point  can  be  shifted  by  changing  the  FODO 
cell  phase  advance,  while  the  arc  phase  advance  should  be 
kept  fixed. 


Figure  3:  The  dynamic  aperture  of  the  injected  beam,  as 
determined  by  particle  tracking  over  1000  turns. 

Dynamic  Aperture 

To  enhance  the  dynamic  aperture,  harmonic  sextupoles 
can  be  installed  in  the  non-dispersive  sections[14].  In  our 
present  lattice,  two  families  of  harmonic  sextupoles  are 
used.  Each  consists  of  eight  sextupoles,  which  are  located 
in  the  wiggler  sections.  By  means  of  the  harmonic  sex¬ 
tupoles,  the  dynamic  aperture  is  increased  about  two  times, 
so  that  its  value  now  corresponds  to  about  six  rms  beam 
sizes  for  an  on-momentum  particle,  as  it  is  shown  in  Fig.  3. 
Strengths  and  positions  of  the  harmonic  sextupoles  were 
chosen  empirically  by  particle  tracking.  The  dynamic  aper¬ 
ture  might  be  further  improved  by  increasing  the  number  of 
harmonic-sextupole  families  and,  possibly,  by  adding  some 
octupole  correctors  which  may  cancel  third-order  terms  re¬ 
sulting  from  crosstalk. 

OUTLOOK 

The  final  equilibrium  emittances  obtained  by  the  present 
damping-ring  lattice  have  been  estimated  via  numerical  in¬ 
tegration.  The  longitudinal  emittance  is  5%  below  the  spec¬ 
ification.  The  two  transverse  emittances  are  smaller  than 


those  required  at  the  end  of  the  CLIC  main  linacs,  but  the 
horizontal  emittance  exceeds  the  original  target  value  [1] 
by  38%  (620  nm  compared  450  nm),  which  is  due  to  IBS. 

Recently,  the  dynamic  aperture  of  the  ring  has  been  opti¬ 
mized  by  means  of  9  families  of  chromatic  sextupoles,  con¬ 
sisting  of  interleaved  -I  pairs,  and  2  additional  harmonic 
families.  It  now  exceeds  5-6  rms  beam  sizes  at  injection. 
The  momentum  acceptance  of  the  lattice  surpasses  ±1%. 

In  the  future,  we  plan  to  investigate  the  following  three 
items:  (1)  the  effect  of  alignment  errors  and  beam-based 
tuning  on  the  dynamic  aperture,  (2)  the  optimum  choice  of 
the  emittance  ratio,  representing  linear  betatron  coupling 
between  the  horizontal  and  vertical  plane,  which  is  an  ex¬ 
ternal  input  to  the  emittance  computation,  and  (3)  the  po¬ 
tential  for  a  transverse  emittance  reduction  by  increasing 
the  length  of  the  wiggler. 

We  would  like  to  thank  D.Kaltchev  for  help  and  his  con¬ 
tributions. 
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Abstract 

The  MAX-III  storage  ring[l]  is  a  700  MeV  machine 
intended  to  provide  UV  and  IR  radiation.  The  novel 
magnet  design  provides  a  compact  lattice.  The  magnetic 
measurements  of  the  first  cell  will  be  presented  and 
compared  with  calculations. 


INTRODUCTION 


A  700  MeV  storage  ring  for  synchrotron  radiation  is 
being  built  at  M AX-lab.  The  ring  is  optimized  for  the  UV 
spectral  region  and  will  also  provide  IR  radiation.  The 
lattice  is  compact,  with  combined  function  magnets.  The 
magnets  are  integrated  into  the  support  structure 
providing  for  ease  of  alignment.  The  magnet  structure  is 
designed  with  2D/3D  magnetic  field  programs  and  the 
results  are  compared  with  measurements  on  the  first 
prototype  magnet  structure. 

The  ring  has  8  cells.  Space  constraints  have  led  to  a 
compact  ring  with  only  two  families  of  magnets,  a 
quadrupole  and  a  bending  magnet.  The  lattice  parameters 
are  given  in  table  1 . 


Table  1 :  Lattice  Parameters 


Horizontal  tune 

3.80 

Vertical  tune 

2.85 

Energy 

700  MeV 

Horizontal  emittance 

13  nmrad 

Ring  circumference 

36  m 

Momentum  compaction  factor 

0.033 

Dispersion  in  straight  sections 

0.46  m 

Periodicity 

8 

Straight  section  length 

2.45  m 

The  magnet  structure  is  complex  in  the  way  that  all 
magnets  share  the  same  yoke.  Cross-talk  between  the 
different  magnet  families  within  the  cell  is  studied  with  a 


3D  magnetic  field  code.  The  magnetic  lengths  for 
different  multipoles  are  calculated  and  the  final  pole  face 
profiles  are  corrected  to  give  the  right  integrated 
strengths. 


THE  MAGNET  BLOCK 

The  magnet  is  solid  iron  and  the  bending  magnet  poles, 
coil  slots,  and  surfaces  for  quadrupole  poles  are  machined 
out  of  a  block.  The  quadrupole  poles  are  made  separately 
and  bolted  to  the  block,  which  serves  as  the  return  yoke. 
The  bending  magnet  has  an  integrated  gradient  and 
specially  formed  ends  to  give  a  sextupole  component. 
Pole-face  windings  are  used  to  control  both  the 
quadrupole  and  sextupole  components  of  the  magnetic 
field.  The  quadrupoles  have  an  integrated  sextupole 
component,  as  well  as  seperate  coils  to  adjust  it. 


Additional  coils  on  the  quadrupole  poles  will  be  used  for 
orbit  correction. 

The  desired  magnetic  components  are  calculated  using 
the  hard  edge  model  for  the  magnetic  lengths.  Figure  1 
shows  the  lower  half  of  the  magnet  block.  The  design 
magnet  parameters  are  shown  in  table  2,  where  the 
chromaticity  is  set  to  1  in  both  planes. 


Figure  1 :  Lower  half  of  a  magnet  block. 


Table  2:  Design  Magnet  Parameters 


Bending  Magnet 

Quadrupole 

L 

1.25  m 

L 

0.2  m 

P 

1.59  m 

— 

— 

B 

1.46709  T 

— 

— 

K 

3.52277  T/m 

K1 

13.9862  T/m 

S*L 

-8.73085  T/m 

S 

30.72434  T/m2 

CALCULATIONS 

Bending  Magnet 

Initially,  the  pole  profile  for  the  bending  magnet  is 
designed  using  a  2-dimensional  program[l].  The  program 
is  used  to  form  the  edges  to  give  the  final  field 
components  and  reduce  higher  order  multipoles.  The 
resulting  field  is  shown  in  figure  2. 
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Figure  2:  Field  in  the  bending  magnet. 
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The  residual  field,  containing  higher  order  multipole 
components,  is  shown  in  figure  3. 
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Figure  3:  Residual  multipoles  in  the  bending  magnet. 

The  bending  magnet  end  is  formed  to  give  one  of  the 
sextupole  components  of  the  structure.  The  integrated 
sextupole  field  is  calculated  in  RADIA[2].  The  result  is 
shown  in  figure  4. 


pflPR8ff|P(!B3aM« 
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Figure  4:  Integrated  sextupole  field  in  the  bending 
magnet. 

Magnetic  Lengths 

From  the  calculations  shown,  we  determine  the 
magnetic  lengths.  The  dipole  and  gradient  fields  at  the 
midpoint  of  the  magnet,  together  with  the  integrals  over 
the  model  magnet  makes  it  possible  to  extract  the 
magnetic  lengths  for  different  multipoles.  The  values  for 
the  bending  magnet  are: 

•  Dipole  length:  L^l 249.6  mm 

•  Gradient  length:  Lq=  1 198.0  mm 

These  lengths  are  compared  to  the  hard  edge  length 
1250  mm.  By  varying  the  mechanical  length,  the  dipole 
length  can  be  adjusted.  The  deviation  in  the  gradient 
length  is  corrected  by  increasing  the  gradient  value  until 
the  integrated  strength  equals  the  lattice  value  as 
previously  described. 

Sextupole  Component 

The  pole  end  is  formed  to  give  the  desired  integrated 
sextupole  strength  and  the  other  multipoles  are 
minimised.  The  result  is  shown  in  figure  3.  The  residual 
fields  correspond  to  less  than  1  gauss  at  +/-20  mm  in  the 
bulk  field.  The  integrated  sextupole  field  is  S*Ls=8.9 
T/m. 


Quadrupole 

The  calculations  for  the  quadrupole  with  integrated 
sextupole  component  are  similar  to  that  of  the  bend- 
section.  The  results  for  the  extracted  multipoles  of  the 
quadrupole  are: 

•  Mechanical  length  =170  mm 

•  Quadrupole  length  =200  mm 

•  Sextupole  length  =190  mm 

Corrections  due  to  Cross-talk 

The  integration  of  several  magnetic  elements  in  a 
single  block  gives  rise  to  coupling  between  the  magnetic 
circuits.  In  the  present  design,  we  have  found  that  the 
return  flux  from  the  bending  magnet  gives  rise  to  a  small 
dipole  and  sextupole  component  in  the  quadrupole  region. 
In  these  calculations  the  magnet  model  is  simplified  due 
to  the  large  memory  requirements  for  the  detailed  model. 
The  cross-talk  effect  was  calculated  in  the  simplified 
version  of  the  cell  as  shown  in  fig.5. 


Figure  5:  Simplified  model  used  for  cross-talk 
calculations. 


The  resulting  integral  field  in  the  quadrupole  region  due 
to  the  return  flux  from  the  bending  magnet  field  is  shown 


in  figure  6. 

Figure  6:  Integrated  field  in  quadrupole  region. 

The  main  component  that  needs  to  be  corrected  for  is 
that  part  that  goes  through  the  quadrupole  poles.  For  the 
prototype  cell,  the  sextupole  component  is  corrected  for 
with  the  number  obtained  from  these  calculations.  The 
normal  corrector  magnets  will  correct  for  the  small  dipole 
component  of  the  cross-talk  field. 
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A  polynomial  fit  of  the  integral  gives  the  sextupole 
strength,  S*L=-0.35T/m.  For  an  effective  sextupole  length 
of  190mm  for  the  quadrupole,  the  integrated  sextupole 
component  should  be  corrected  by  0.35/0.19=  1.84T/m2. 
The  cross-talk  sextupole  component  is  of  the  opposite 
sign  of  the  designed  sextupole  component,  so  this  value  is 
added  to  the  initial  value. 

Results  of  Model  Simulations 

Table  2  compares  the  design  values  for  the  bending 
magnet  field  with  those  achieved  in  the  model  after 
correcting  for  the  magnetic  lengths  of  the  different 
components. 

Table  2:  Comparison  of  design  and  model  values  for 
bending  magnet. 

Bending  Magnet:  1 .46709  T,  1 250  mm  designed 

_  Design  Model 

K*Lk  3.52*1.25  =  4.4  T  3.67*1.198=  4.397T/m 
S*L  8.73  T/m  8.9  T/m 

Table  3  compares  the  design  values  for  the  quadrupole 
field  with  those  of  the  model  after  correcting  for  magnetic 
lengths,  and  cross-talk  from  the  bending  magnet. 

Table  3:  Comparison  of  design  and  model  values  for 
quadrupole. 

Quadrupole:  13.99  T/m,  200  mm  designed 


Cross-talk:  1.85  T/m2  ^34.17*0.19  =  6.49  T/m 

PROTOTYPE  MEASUREMENTS 

The  prototype  magnet  was  measured  with  a  high 
quality  Hall  probe  system.  Measurements  were  made  in 
the  symmetry  plane.  The  measurements  start  far  outside 
the  bending  magnet  and  extend  into  the  bend  section 
where  fields  are  stable. 

When  analysing  the  data  in  the  measured  field  map  it 
was  found  that  the  sextupole  component  decreases  further 
into  the  magnet.  This  unexpected  behaviour  is  caused  by 
holes  for  mounting  the  pole-face  windings  to  the  pole. 
Since  the  initial  value  from  the  pole  curvature  is  higher 
than  designed,  the  extra  holes  for  the  pole-face  windings 
can  be  used  to  trim  the  sextupole  component  to  the  design 
value.  The  behaviour  of  the  integrated  end  sextupole 
component  is  shown  in  figure  7. 

The  cross-talk  field  from  the  bending  magnet  was 
measured  in  the  quadrupole  region  outside  the  bending 
magnet.  It  turns  out  that  the  measured  field  is  not  as 
strong  as  was  calculated  in  the  model.  An  explanation 
could  be  that  there  are  several  cuts  in  the  yoke  that  could 
not  be  included  in  the  model  calculations. 

The  quadrupole  was  mapped  in  the  same  way  as  the 
bending  magnet. 


°  20  40  60  80  100  120 
mm 

Figure  7:  End  sextupole  in  the  bending  magnet. 

RESULTS 

Table  4  shows  the  results  of  the  magnetic 
measurements  of  the  prototype  MAX-III  magnet  fields. 
The  values  obtained  from  the  model  are  in  parentheses. 
Table  4.  Measured  components  of  the  bending  magnet 
and  quadrupole  fields. 

_ _  Bending  Magnet  _ 

_ B _ Gradient  Sextupole 

Strength  1.467  T  (1.467)  3.79  T/m  - 


Design 

Model 

30.7*0.2  =  6.14  T/m 

32.32*0.19  =  6.14  T/m 

Strength 

Integrated 

strength 

Magnetic 

Length 


_ Quadrupole 

Gradient _ 

13.98  T/m  (13.98) 
2.78  T  (2.80) 

Ik!  99  m  (0.200) 


Sextupole 
34.8  T/m*  (33.9) 
6.59  T/m  (6.44) 

oTl  85  m  (0.190) 


CONCLUSIONS 

The  measured  magnetic  field  values  for  the  prototype 
MAX  III  cell  agree  well  with  the  designed  values.  The  3D 
code  RADIA  turns  out  to  be  a  good  tool  for  designing 
complex  structures.  The  cross-talk  seems  to  be 
overestimated  in  the  code,  but  in  this  case  the  model  had 
to  be  simplified  since  the  real  yoke  contains  a  lot  of  cuts 
that  could  not  be  modelled.  The  holes  for  fitting  the  pole- 
face  windings  in  the  bending  magnet  poles  provided  an 
excellent  way  to  trim  the  value  of  the  end-sextupole 
component.  The  strength  of  the  pole-face  windings  of  +- 
10%  for  all  components  is  much  more  than  is  needed  to 
reach  the  design  values  for  the  cell. 
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Abstract 

A  proposal  for  a  new  synchrotron  light  source,  MAX  4, 
is  presented.  The  main  components  are  two  identical 
storage  rings  operated  at  different  electron  beam  energies 
and  equipped  with  superconducting  insertion  devices. 
Small  beam  emittances  will  yield  high  brilliance  radiation 
over  a  wide  spectral  range. 

A  small  horizontal  emittance  is  achieved  by  using  a 
large  number  of  cells  with  gradient  dipoles  flanked  by 
horizontally  focusing  quadrupoles.  A  small  magnet 
aperture  allows  strong  gradients  in  dipoles  and  strong 
sextupole  components  in  quadrupoles.  This  results  in  an 
equilibrium  emittance  on  the  order  of  1  nmrad.  A  full- 
energy  injector,  enabling  top-up  operation,  will  be  a  3 
GeV  S-band  linac  with  an  energy  doubling  system.  This 
opens  up  the  possibility  to  produce  short,  intense  radiation 
pulses,  coherent  as  well  as  spontaneous. 

INTRODUCTION 

The  aim  of  the  MAX  4  conceptual  design  study  is  to 
define  a  high-performance  facility  succeeding  the  existing 
MAX  facility  during  the  next  decade.  Since  some  of  the 
design  work  remains  to  be  done,  some  of  the  parameter 
values  given  in  this  report  might  be  subject  to  changes. 

The  backbone  of  the  MAX  4  facility  consists  of  two 
similar  storage  rings  operated  at  different  electron 
energies.  One  ring  will  be  placed  just  above  the  other  and 
rotated  half  a  super-cell  to  distribute  the  beamlines  from 
the  insertion  devices  (ID)  evenly.  This  solution,  compared 
to  a  single,  larger  ring,  gives  us  the  possibility  to  cover  a 
wider  spectral  range  with  high  brilliance  radiation.  It  also 
provides  a  sufficient  number  of  straight  sections  for 
insertion  devices  and  fits  in  a  smaller  building.  The 
insertion  devices  will  be  the  primary  light  sources. 

The  bunches  in  the  storage  rings  will  be  stretched  by  a 
harmonic  cavity  system.  The  elongation  of  the  electron 
bunches  limits  the  resistive  wall  effect,  increases  the 
Touschek  lifetime  and  reduces  the  heating  of  the  cold 
bores  in  the  superconducting  insertion  devices.  Time- 
resolved  experiments  will  be  carried  out  at  the  linac, 
which  is  superior  to  the  storage  rings  in  this  respect. 

As  an  injector,  a  linear  accelerator  is  chosen.  The  linac 
is  optimised  for  coherent  radiation  production  and  fulfils 
the  specification  for  topping  up  injection.  The  field  of 
coherent  radiation  generation  is  now  developing  quickly 
and  much  experience  is  now  gained  at  the  first  generation 
of  FELs.  New  ideas  for  critical  elements  are  currently 
being  developed.  We  feel  it  is  a  bit  premature  at  this  stage 
to  exactly  define  the  coherent  radiation  sources  at  MAX  4 
that  should  go  in  operation  one  decade  from  now. 


THE  STORAGE  RINGS 

Design  Philosophy 

The  storage  rings  are  designed  to  take  advantage  of  the 
features  of  superconducting  undulators,  which  offer  a 
short  period  length  with  a  high  K-value.  The  main 
consequences  for  the  rings  are: 

•  The  small  undulator  period  opens  up  the 
possibility  to  use  a  large  number  of  periods.  A 
small  electron  beam  emittance  is  needed  to  take 
advantage  of  this,  especially  when  utilising  the 
higher  harmonics. 

•  Small  lattice  magnet  apertures  suffice;  the  ring 
admittance  is  defined  by  the  small  undulator 
gaps.  A  small  magnet  aperture  is  in  fact  a 
necessity  for  creating  the  small  beam  emittance 
in  a  ring  of  small  size  since  strong  multipole 
magnets  can  be  introduced. 

•  The  small  gap  undulators  and  the  small  beam 
emittance  make  it  necessary  to  spend  some  effort 
on  beam  lifetime  issues.  Even  if  a  topping  up 
injection  method  is  foreseen,  the  rings  must  have 
a  decent  beam  lifetime  to  restrict  the  injection 
repetition  rate  and  the  radiation  background. 

Magnet  Lattice 

A  veiy  simple  basic  cell  consisting  of  a  dipole  magnet 
flanked  by  horizontally  focusing  quadrupoles  is  used.  The 
vertical  focusing  is  taken  care  of  by  the  dipole  gradient, 
which  also  reduces  the  horizontal  emittance.  The 
chromaticity  correcting  sextupole  components  are 
introduced  in  the  shape  of  the  quadrupoles  and  by  discrete 
sextupoles  flanking  the  dipoles.  An  octupole  component 
is  also  introduced  in  the  quadrupole  magnets  to  increase 
the  dynamic  aperture. 

Each  ring  consists  of  twelve  super-cells.  Each  super- 
cell  consists  of  five  basic  cells  plus  matching-sections. 
This  lattice  results  in  a  very  small  equilibrium  emittance, 
which  is  further  reduced  by  the  damping  effect  of  the 
strong  insertion  devices.  The  emittance  for  the  X-ray  ring 
is  approximately  1  nmrad  with  five  superconducting 
undulators.  The  emittance  of  the  soft  X-ray  ring  is  a  factor 
of  four  smaller. 

The  small  aperture  size  allows  for  strong  multipole 
magnet.  A  compact  lattice  results  in  smaller  betatron 
functions,  which  gives  a  good  admittance-aperture 
relation. 
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Figure  1.  Magnet  lattice. 

The  lattice  functions  of  one  of  the  12  super-cells  in 
each  ring  are  seen  in  fig.  1.  The  main  parameter  values 
are  given  in  table  1. 

_  Table  1 .  Ring  parameter  values. 


X-ray  Ring 

Soft  X-ray 
Ring 

Circumference 

285  m 

285  m 

Operating  energy 

3  GeV 

1.5  GeV 

Current 

Energy  loss/tum 

770  keV 

50  keV 

Hor.  emittance 

1.2  nmrad 

0.3  nmrad 

Oh 

26.6 

26.6 

Qv 

9.6 

9.6 

Hor.  admittance 

17  pmrad 

17  pmrad 

Vert,  admittance. 

1.2  pmrad 

2.8  pmrad 

Energy  acceptance 

4% 

4% 

Straight  section  length 

4.6  m 

4.6  m 

RF 

100  MHz 

100  MHz 

Touschek  lifetime 

30  h 

42  h 

EL  scattering  lifetime 

131  h 

73  h 

Bremsstrahlung  lifetime 

Total  lifetime 

21.7  h 

Magnet  Design 

The  magnet  system  is  of  the  MAX  III  kind[l].  The 
magnets  are  machined  out  of  solid  iron  blocks  resulting  in 
an  integrated  girder-magnet  design. 

Radiation  Performance 

The  operation  of  two  storage  rings  at  different  electron 
energies  and  with  very  small  electron  beam  emittances 


results  in  a  high  brilliance  over  a  wide  spectral  range.  The 
calculated  brilliance  for  the  two  rings  is  shown  below. 
The  brilliance  of  the  MAX  2  ring,  being  a  high 
performance  ring  today,  is  shown  as  a  comparison. 


MAX  2 

MAX  3, 1.5  GeV 


Brilliance  MAX  4  and  MAX  2 

Figure  2.  Brilliance 


Insertion  Devices 

As  mentioned  above,  the  insertion  devices,  and 
especially  the  small  gap  superconducting  ones,  defme  the 
ring  design.  The  following  devices  were  used  for  the 
brilliance  calculations  above. 


Table  2.  Parameter  values  of  the  SC  undulator 


X-ray  ring 

Soft  X-ray  ring 

Period  length 

13  mm 

16  mm 

Full  gap 

4mm 

6  mm 

Nr.  of  periods 

250 

200 

Maximum  K 

2.2 

2.2 

Dynamic  Aperture  and  Beam  Lifetime 

The  dynamic  aperture  calculated  is  larger  than  the 
vacuum  chamber  aperture,  which  is  sufficient  for 
injection  and  for  the  beam  lifetimes  calculated. 

For  the  beam  lifetime  calculations,  the  same  gas 
composition  and  pressures  as  measured  in  MAX  II  are 
used.  The  Touschek  life-time  is  increased  by  Landau 
cavities  as  already  used  in  MAX  II[2].The  Touschek  life¬ 
time  is  surprisingly  high  in  the  soft  X-ray  ring  taking  into 
account  the  low  electron  energy  and  the  very  small 
emittance.  This  result  can  however  be  explained  by  the 
combination  of  a  high  momentum  acceptance  and  the 
limited  transverse  momentum. 

RF  System 

A  100  MHz  RF  system,  similar  to  the  systems  now 
being  introduced  into  the  MAX  II  and  MAX  III  rings[3], 
will  be  used.  This  low  frequency  is  chosen  to  get  a  large 
bucket  height  at  relatively  low  RP  power. 
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Table  3.  RF  system 


X-ray  ring 

Soft  X-ray 
ring 

Operating  frequency 

100  MHz 

100  MHz 

Cavity  shunt  impedance 

3.4 

3.4  | 

Nr.  of  cavities 

10 

4  1 

Transmitter  power 

30  kW 

30  kW 

RF  voltage  I 

1.6  MV 

0.5  MV 

Nr.  of  transmitters 

20 

4 

Harmonic  nr. 

5 

5 

Nr.  of  harm  cavities 

2 

1 

Bunch  length  without 
harm,  system 

1.4  cm 

1.9  cm 

Bunch  length  with  harm, 
system 

9.7  cm 

9.8  cm 

THE  MAX  4  LIN  AC 

Design  Philosophy 

The  MAX  4  linear  accelerator  will  be  used  as  injector 
for  the  two  storage  rings.  Even  in  the  topping  up  mode, 
only  a  very  small  fraction  of  the  linac  capability  will  be 
used.  The  linac  can  thus  be  used  also  as  an  electron 
source  for  a  free  electron  laser  (FEL)  system. 

At  the  first  glance,  the  two  missions  of  the  linac  might 
seem  contradictory.  The  figure  of  merit  of  the  injector  is 
stability  and  re-producability  while  the  FEL  electron 
source  demands  flexibility.  We  are  now  investigating  the 
possibility  to  introduce  multiple  electron  guns  and  pre¬ 
programmed  modulators  to  fulfil  the  demands  for  both 
modes  of  operation. 

Linac  System 

The  building  blocks  of  the  MAX  4  linac  will  be  similar 
to  those  now  used  at  the  MAX  injector[4].  In  the  MAX  4 
case,  however,  one  station  consisting  of  a  modulator, 
klystron  and  SLED  cavities  feeds  two  linac  structures. 

The  endpoint  energy  of  3  GeV  can  be  reached  with  15 
units,  each  consisting  of  one  klystron  feeding  2  linac 
sections.  By  installing  17  units,  some  redundancy  is 
offered. 


Table  4.  Injector  Linac 


Endpoint  energy 

3  GeV 

Total  length 

300  m 

Repetition  rate 

10  Hz 

Frequency 

3  GHz 

Nr.  of  klystron  stations 

17 

Klystron  power 

35  MW 

Nr.  of  linac  structures/klystron 

2 

Structure  length 

5.2  m 

Energy  gain/station 

200  MeV 

Coherent  Radiation  Generation 

Several  coherent  radiation  generators  can  be 
considered.  A  classical  SASE  FEL  is  contemplated  but 


we  are  also  investigating  other  schemes  such  as  that 
shown  in  figure  3. 

One  interesting  version  is  to  use  a  HG  laser  as  the  seed. 
This  laser  has  the  following  interesting  properties: 

•  An  energy  range  up  to  30-40  eV  with  a  power  of 
a  few  kW.  This  power  is  sufficient  to  dominate 
over  the  spontaneous  radiation. 

•  The  ability  to  deliver  very  short  pulses.  The 
amplified  radiation  will  be  a  replica  of  this  time 
structure  plus  the  slippage  time. 

•  The  radiation  is  close  to  the  Fourier  limit. 

•  A  terawatt  laser  drives  this  HG  laser.  The 
repetition  rate  is  thus  limited  to  some  kHz. 

A  600  MeV  electron  bunch  is  sufficient  to  operate  a 
FEL  amplifier  at  40  eV.  A  6  m  long  undulator  is  needed 
to  reach  saturation  with  powers  in  the  GW  range.  The 
next  step  is  to  guide  the  bunched  beam  into  an  undulator 
tuned  to  a  harmonic  of  the  seed  laser  to  generate  coherent 
radiation  in  the  100  eV  range.  The  600  MeV  beam 
originates  from  an  electron  gun  positioned  three  linac 
stations  downstream  the  linac  exit. 

The  radiation  from  the  harmonic  radiator  mentioned 
above  is  then  used  as  a  seed  for  the  next  step,  acting  on  an 
electron  bunch  of  higher  energy.  This  bunch  originates 
from  another  electron  gun  placed  i.  e.  10  klystron  stations 
upstream  the  linac  exit  and  has  an  energy  of  2  GeV.  This 
FEL  is  then  tuned  to  the  output  of  the  first  FEL  and  the  2 
GeV  bunch  is  fed  into  a  harmonic  radiator  to  generate 
harmonics  of  the  first  laser. 


Fig.3.  Cascaded  optical  klystron  scheme. 

ACKNOWLEDGEMENT 

The  funding  from  the  Knut  and  Alice  Wallenberg 
foundation  has  initiated  the  work  on  the  conceptual 
design  for  the  MAX  4  facility. 

REFERENCES 

[1]  G.  LeBlanc  et.al.  “MAX-III,  a  700  MeV  Storage  Ring 
for  Synchrotron  Radiation”  EPAC  2000,  Vienna 

[2]  A.  Andersson  et.  al.,  ‘The  MAX  II  Synchrotron 
Radiation  Storage  Ring’,  Nucl.  Instr.  and  Meth.  A 
343(1994)644-649. 

[3]  A.  Andersson  et.al,  “The  100  MHz  RF  System  for 
MAX-II  and  MAX-III”,  EPAC  2002,  Paris 

[4]  B.  Anderberg  et.al.,  “The  500  MeV  Injector  for  MAX- 

lab  Using  a  Recirculated  LINAC”,  Epac  2000, 
Vienna 


2323 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


BATES  SOUTH  HALL  RING  COMMISSIONING  FOR  INTERNAL  TARGET 

EXPERIMENTS  * 

J.  B.  van  der  Laan,  D.  Cheever,  M.  Farkhondeh,  W.A.  Franklin,  E.  Ihloff,  S.  Krause,  L.  Longcoy, 
C.  Tschalaer,  E.  Tsentalovich,  F.  Wang,  A.  Zolfaghari  and  T.  Zwart 

MIT-Bates  Linear  Accelerator  Center,  Middleton,  MA  01949 


Abstract 

In  2003,  the  installation  and  commissioning  of  the 
Bates  Large  Acceptance  Spectrometer  Toroid  (BLAST) 
came  in  its  final  state.  The  South  Hall  Ring  (SHR) 
commissioning  has  been  dynamically  integrated  in  this 
process  to  provide  high  quality  electron  beams  under 
BLAST  experimental  conditions.  The  design  goal  of  80 
mA  stored  high  polarization  beams  is  met  routinely. 
Results  of  beam  development  for  the  BLAST 
commissioning  runs  in  2002  and  2003  are  presented.  New 
developments  in  beam  diagnostic  and  spin  manipulation 
are  also  presented . 

INTRODUCTION 

The  commissioning  of  the  BLAST  spectrometer  and  the 
Internal  Target  (IT)  physics  program  at  Bates  started  in 
the  spring  of  2002  and  continued  through  December.  The 
commissioning  resumed  in  April  2003,  is  nearing 
completion  and  the  first  measurement  of  physics 
asymmetry  in  e-p  elastic  scattering  with  polarized  beam 
and  polarized  target  is  beginning.  At  850  MeV,  stored 
current  of  140  mA  peak  is  routinely  achieved.  The 
vacuum  in  the  ring  has  continuously  improved  through 
synchrotron  radiation,  resulting  in  lifetimes  of  50  minutes. 

Longitudinal  beam  polarization  at  the  IT  is  maintained 
with  a  Siberian  snake  spin  rotator.  For  the  first  time, 
strong  depolarization  effects  caused  by  non-linear  spin 
resonance  were  observed  and  the  vertical  betatron  tune 
was  adjusted  accordingly  to  avoid  these  resonance  lines 
for  maintaining  full  polarization.  The  high  (-70%) 
polarization  from  the  polarized  source  is  then  preserved 
during  the  lifetime  of  the  beam.  In  collaboration  with  the 
University  of  Michigan,  a  spin  flipper  with  a  high  flipping 
efficiency  was  installed  and  commissioned  [1].  New 
developments  of  beam  diagnostics,  spin  manipulation  and 
polarized  electron  injector  are  presented . 

SOUTH  HALL  RING 

Figure  1  schematically  shows  the  South  Hall  Ring  with 
the  BLAST  IT  area  marked.  On  the  opposite  side  of  the 
BLAST  area  in  the  ring,  a  180-degree  Siberian  snake  fully 
preserves  the  longitudinal  electron  polarization  at  the  IT 
region.  A  laser  backscattering  Compton  polarimeter 
located  upstream  of  the  IT  area  measures  beam 
polarization  continuously  [2].  An  RF-driven  spin  flipper 
downstream  of  the  IT  area  provides  the  capability  for 


multiple  reversal  of  the  electron  spin  during  each  storage 
cycle.  An  atomic  beam  source  (ABS)  has  been 
incorporated  into  the  BLAST  IT  area  for  providing 
windowless  high  purity  polarized  hydrogen  and  deuterium 
targets  for  e-p  and  e-d  nuclear  scattering.  The  ABS 
system  is  now  fully  operational  with  the  presence  of  the 
BLAST  magnetic  field. .  These  results  were  obtained  with 
a  15  mm  diameter  and  40  cm  long  IT  storage  cell  and 
with  the  presence  of  both  the  BLAST  magnetic  field  and 
the  ABS  magnetic  holding  field.  Two  sets  of  slits  are  used 
to  minimize  beam  halo  and  experimental  backgrounds  as 
indicated  by  the  particle  tracking  wire  chamber  systems  in 
BLAST.  This  beam  optimization  was  further  developed 
with  signals  from  a  set  of  4  beam  quality  monitors  (BQM) 
consisting  of  phototubes  symmetrically  positioned  around 
the  beam  pipe  immediately  downstream  of  the  IT  area.  A 
sttong  correlation  was  shown  between  this  signal  and  the 
signal  to  noise  ratio  in  the  wirechambers. 


BEAM  CURRENT  AND  LIFETIME 


The  design  goal  of  the  BLAST  experiments  requires  an 
average  current  of  80  mA  and  lifetimes  longer  than  30 
minutes.  These  goals  were  met  in  the  2002 
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commissioning  period.  The  peak  stored  current  was  150 
mA,  with  the  snake  magnets  on  and  the  target  cell  in. 

The  installation  of  the  ABS  at  the  IT  area  and  a  small 
aperture  spin  flipper  in  the  fall  of  2002  limited  the 
maximum  stored  currents  to  below  100  mA.  Ion  trapping 
and  possible  multi-bunch  instabilities  intensified  inferior 
vacuum  conditions  and  deterioration  of  the  ring 
impedance  was  considered  as  the  primaiy  causes  of  the 
lower  stored  currents  for  that  period. 


Figure  2:  Typical  fills  for  the  experiment  commissioning. 

During  the  2002  winter  shutdown  for  ABS  tests,  the 
extraction  septum  magnets  were  removed  to  improve 
vacuum  and  impedance  in  that  region.  This  resulted  in  a 
significant  increase  of  maximum  storage  current  from  150 
mA  to  more  than  200  mA.  The  maximum  current  was 
further  increased  to  300  mA  by  overcompensating  the 
negative  horizontal  chromaticity.  These  high  current 
results  were  obtained  with  the  presence  of  the  full 
magnetic  fields  of  the  Siberian  snake  and  BLAST  and  the 
ABS  holding  field.  An  operational  upper  limit  of  150  mA 
was  put  in  effect  to  prevent  damaging  the  synchrotron 
radiation  monitor  view  ports  from  unprecedented 
radiation  power  for  this  ring  and  to  provide  practical  long 
lifetimes  for  the  present  BLAST  runs.  Vacuum  conditions 
are  not  yet  optimal,  but  will  improve  gradually  over  time 
with  more  integrated  charge  in  the  ring.  Typical  ring 
filling  cycle  and  beam  lifetime  are  shown  in  figure  2. 

BEAM  POLARIZATION 

The  operating  betatron  tune  was  originally  set  to 
suppress  vertical  beam  oscillations  caused  by  ion  trapping 
[1].  The  Compton  polarimeter  beam  polarization  studies 
in  2002  revealed  the  presence  of  depolarization  effects  at 
high  stored  currents.  Detailed  study  of  polarization  and 
betatron  tunes  indicated  depolarization  effects  caused  by 
non-linear  spin  resonances.  The  depolarization  occurs 
only  when  beam  current  reaches  a  certain  threshold  that 
causes  a  significant  enlargement  of  the  beam  size.  A 
“safe”  betatron  tune  operation  zone  is  then  chosen,  to 
avoid  both  spin  and  betatron  resonances.  The  margins  in 
the  resonant  free  area  should  be  adequately  large  to 
accommodate  both  tune  shifts  and  spreads  in  the 
operating  current  range.  Under  these  conditions,  full 


longitudinal  polarization  can  then  be  maintained  with  the 
Siberian  snake  at  currents  well  above  50  mA. 


Figure  3:  Tune  diagram.  The  Oval  area  is  the  operating 
set  point  that  maintains  full  polarization  at  high  maximum 
currents  and  good  lifetimes. 

The  resonances  lines  are  defined  by 
3 Vy  +  vs  -  0.5,  3  vy  +  2  vs  =  0.5  and  2  vx  -  vy  +/-  vs  =  0.5 
respectively  and  are  seen  in  Figure  3  below  and  left  of  the 
marked  oval  area.  Our  operating  tune  point  is  located 
between  the  betatron  and  spin  resonance  lines,  the  oval 
area  in  Figure  3.  The  indicated  lines  just  below  that  area 
are  the  points  where  a  drop  in  polarization  was  observed. 
Figure  4  shows  the  polarization  for  different  vertical  tune 
set  points. 


Polarization  vs.  Vertical  Betatron  Tune 

70  mA  injection  current 


Figure  4:  Measured  beam  polarization  as  a  function  of  the 
vertical  betatron  tune. 

Further  study  of  non  linear  spin  resonant  and  its  effects 
on  beam  polarization  is  underway. 
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SHR  Polarization  vs  Storage  Time 
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Figure  5:  Polarization  during  a  fill.  A  good  tune  working 
point  ensures  conservation  of  the  polarization  for  a  long 
enough  time  for  the  experiment  (>~  10  minutes) 

BEAM  DIAGNOSTIC  AND  SPIN  FLIPPER 
IMPROVEMENTS 

Tune  measurement 

An  electrical  betatron  oscillation  driver  is  used  for 
measuring  the  beam  tune  on  a  3  GHz  spectrum  analyzer. 
With  this  setup,  at  currents  higher  than  about  80  mA,  it 
becomes  increasingly  difficult  to  accurately  measure  the 
horizontal  betatron  tune.  A  frequency  scanner  in 
combination  with  an  RF  amplifier  used  on  a  ion  clearer 
generates  much  better  frequency  response  from  the  beam. 
The  beam  size  is  monitored  by  imaging  synchrotron  light 
on  a  CCD  camera  with  framegrabber.  Maximum  changes 
in  beam  size  of  up  to  100  pm  were  observed  during  a  non¬ 
destructive  frequency  scan  through  the  betatron  resonance 
of  the  beam  that  has  a  1  mm  diameter.  Work  is  in  progress 
to  develop  a  method  for  reproducible  and  routine 
measurements  of  the  betatron  tune. 

Spin  flipping 


Figure  6:  Polarization  after  a  spin  flip.  Data  are  taken  with 
and  without  die  magnetic  field  from  the  BLAST  toroid. 
The  polarization  of  the  data  point  with  the  smallest  error 
bar  was  measured  after  1 1  consecutive  spin  flips. 


Spin  flipping  was  demonstrated  in  the  South  Hall  Ring 
in  2001  f  1].  A  new  RF  dipole  with  an  impedance  matched 
aperture  has  been  built  and  tested.  The  spin  direction  can 
be  reversed  with  an  efficiency  of  greater  than  99%. 
(Figure  5) 


PRE-PREBUNCHER 


The  high  stored  currents  in  the  ring  are  achieved  by 
stacking  multiple  1-2  mA  pulses  from  the  linac.  However 
higher  injection  currents  may  have  the  advantages  of  both 
a  shorter  fill  time  and  a  higher  stored  peak  current.  This 
will  particularly  impact  at  low  energies  where  high 
repetition  rate  injections  are  not  be  feasible  . 

The  maximum  available  peak  current  from  the  polarized 
source  is  constrained  by  the  effective  Quantum  Efficiency 
of  the  photocathode  and  the  maximum  laser  power.  When 
the  maximum  peak  current  from  the  source  falls  below  the 
required  peak  current,  the  photocathode  is  heat  cleaned 
and  activated  during  which  no  beam  is  available  . 

The  standard  design  of  the  S-band  Bates  linac  with 
chopper  -  prebunch  cavities  combination  has  a  capture 
efficiency  of  about  1/3  from  the  source  to  the  linac.  Any 
improvement  in  this  capture  efficiency  leads  to  an 
increase  in  the  duration  between  activations. 

An  additional  prebunching  cavity  has  been  built  and 
installed.  PARMELA  calculations  show  an  increase  of  the 
capture  efficiency  from  33%  to  58%.  At  present,  50% 
efficiency  has  been  reached,  as  shown  in  Figure  8. 


A:  84.8mV 
®:  81.6mV 


Ch3  Ampl 

101.  omv 
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Figure  8:  Peak  currents  at  the  polarized  source,  the 
chopper,  and  at  the  end  of  the  linac.  As  seen  there  are  no 
losses  up  to  the  chopper,  and  capture  efficiency  is  50%. 


REFERENCES 


[1]  V.S.  Morozov  et  al.  PRST  Ab  4,  104002  (2001) 

[2]  G.T.  Zwart  et  al.  IEEE  Proc.  PAC2001,  3597 


i 


< 


2326 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


CONNECTION-ORIENTED  RELATIONAL  DATABASE  OF  THE 
APS  CONTROL  SYSTEM  HARDWARE* 

N.  D.  Arnold  and  D.  A.  Dohan 
Argonne  National  Laboratory,  Argonne,  IL  60439,  USA 


Abstract 

After  the  flurry  of  activity  to  construct,  commission, 
and  begin  routine  operation  of  a  large  user  facility,  the 
focus  must  then  turn  to  long-term  reliability.  Key 
concerns  include  a  full  inventory  of  all  installed  devices, 
sufficient  spares,  quick  identification  of  a  failed  device, 
and  accurate  documentation  to  minimize  the  number  of 
system  experts  needed  for  routine  maintenance. 

This  paper  describes  the  Visual  Connection 
Configuration  Tool  (VCCT)  used  in  creating  a  searchable 
schema  of  all  control  system  hardware.  A  framework  is 
provided  for  identifying  each  installed  device  and  its 
connection  to  the  control  system.  The  schema  provides 
numerous  benefits  over  a  simple  inventory  list,  such  as: 

-  an  immediate  visualization  of  information  flow 
through  the  system, 

-  intuitive  documentation  of  input/output  controller 
(IOC)  hardware,  subnet  links  and  nodes,  and 

-  a  common  presentation  for  easier  cross  training  and 
maintenance. 

The  paper  will  also  describe  the  mechanisms  used  to 
automatically  populate  much  of  the  database  by 
“discovering”  the  hardware  through  the  EPICS  databases 
and  start-up  scripts.  Future  work,  such  as  extending  the 
device  definition  to  include  wiring  information  will  also 
be  discussed. 

INTRODUCTION 

The  Advanced  Photon  Source  has  been  an  operational 
facility  since  1995.  Although  beam  availability  exceeding 
97%  has  become  the  norm,  there  is  continued  emphasis 
on  maintaining  and  reducing  the  mean  time  to  repair  and 
increasing  the  mean  time  between  failures.  Therefore, 
accurate  and  up-to-date  documentation  of  all  control 
devices  and  their  configuration  is  imperative.  Due  to 
frequent  upgrades,  system  enhancements,  and  the 
inevitable  loss  of  personnel,  maintaining  up-to-date 
documentation  for  over  240  IOCs  is  difficult  to  achieve 
with  conventional  approaches  that  rely  on  “revision 
controlled  drawings.”  This  paper  describes  a  central, 
searchable  database  of  the  control  system  devices 
installed  at  the  APS,  which  promotes  accuracy  and 
provides  online  accessibility  of  the  currently  installed 
hardware  configuration. 


*  Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 


DISCOVERING  INSTALLED  DEVICES 

In  the  EPICS  control  system  architecture  [1], 
accelerator  applications,  or  ‘databases’  are  developed  by 
instantiating  ‘records’  from  a  relatively  small  palette  of 
record  types.  Each  record  type  is  made  up  of  a  set  of 
named  ‘fields,’  whose  values  are  configured  during  the 
process  of  building  an  application.  These  fields,  available 
to  external  applications,  are  often  referred  to  as  process 
variables,  or  PVs.  The  granularity  in  the  EPICS  record 
structure  permits  one  to  ‘inspect’  database  code  and  to 
graphically  display  the  application  logic. 

Record  types  that  obtain  data  from  (or  write  data  to) 
external  hardware  use  a  standard  hardware  address 
protocol  to  specify  input  and  output  connections. 
Hardware  addresses  normally  begin  with  the  *#’  character, 
followed  by  a  series  of  character/value  pairs  to  fully 
designate  the  appropriate  field  bus  parameters.  Each  field 
bus  type  has  a  different  pattern  in  the  hardware  addressing 
scheme.  In  the  following  EPICS  code  snippet: 

record(ai,"L3:DG5:aDelayAr)  { 
field(DESC,"Chan  A  Delay") 
field(DTYP,"DG535  Delay  Generator  (GPIB)") 
field(INP,"#L1  A15  @3") 

} 

the  DTYP  field  indicates  that  a  DG535  device  is 
connected  to  the  control  system,  and  the  hardware  address 
pattern  indicates  that  it  is  a  GPIB  device.  By  parsing  this 
record,  one  infers  the  existence  of  the  GPIB  daisy  chain 
(link  1)  and  a  GPIB  scanner  device,  which  provide  the 
data  path  from  the  DG535  to  the  IOC. 

Another  source  of  device  information  is  the  EPICS 
‘dbior’  report.  From  the  following  partial  report: 

ioclic2>  dbior 

Driver:  drvDNbug 

DirectNet  PLC  via  BUG  at  #L0  N12  P0  SI 

DirectNet  PLC  via  BUG  at  #L1  N21  PO  SI 

one  can  infer  the  existence  of  two  DirectNet  PLC  devices, 
connected  via  two  BitBus  links  (links  0  and  1),  to  a 
BitBus  VME  scanner. 

The  entire  set  of  EPICS  records  in  the  APS  control 
system  has  been  put  into  a  PV  relational  database,  using 
the  Oracle  RDBMS  [2].  Using  this  exhaustive  source  of 
record/field  data,  an  extensive  data-mining  process  was 
undertaken  to  “discover”  the  APS  control  equipment 
referenced  by  PVs.  Other  sources  of  device  information 
can  be  found  in  configuration  statements  within  the  start¬ 
up  scripts.  Using  these  tactics  and  a  few  heuristic  rules 
about  standard  devices  (e.g.,  every  VME  chassis  has  a 
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power  supply),  it  was  possible  to  automatically  “discover” 
approximately  75-85%  of  installed  devices. 

DEFINING  A  CONNECTION  HIERARCHY 

Physical  information  originating  in  an  external  sensor 
follows  a  deterministic  path  from  the  sensor  to  a  specific 
IOC.  This  deterministic  path  of  data  flow  implies  a 
hierarchy  of  device  connections  with  each  device  having  a 
parent  device  and  <potentially>  several  children  devices. 
This  connection  orientation  forms  the  heart  of  the  VCCT 
data  model  and  provides  dramatically  more  information 
than  a  simple  device  inventory  list. 

Device  Types 

For  the  purpose  of  this  paper,  a  “device  type”  is  defined 
as  a  unique  type  of  unit  replaceable  hardware  component 
(e.g.,  card,  chassis,  instrument,  CPU,  etc.)  installed  at  the 
APS  as  part  of  the  control  system.  A  device  type  may 
support  information  flow  (e.g.,  a  VME  ADC  card,  a  serial 
link,  VME  backplane,  etc.),  provide  power  to  other 
components  (e.g.,  a  replaceable  power  supply),  or  simply 
house  other  equipment  (e.g.,  an  electronic  enclosure). 

To  manage  the  wide  range  of  devices  at  APS,  each  of 
the  device  types  is  formally  described  in  a  device  type 
table.  Unique  device  names  are  assigned  to  each  device 
type,  so  that  users  interacting  with  the  system  may  use 
only  device  names  defined  in  the  device  type  table. 

Several  attributes  defined  for  each  device  type  are  quite 
common  and  need  not  be  discussed  here  (e.g., 
manufacturer,  form  factor,  description,  function).  Two 
particular  attributes,  however,  are  critical  to  the 
connection-oriented  model  applied  here. 

Device  Interfaces 

The  fact  that  each  device  is  defined  by  its  connection  to 
the  control  system  requires  device  attributes  related  to  its 


connection.  Each  device  type  has  an  attribute  ‘Interface 
Required’  (IFR)  that  determines  the  types  of  parent 
devices  the  device  can  connect  to.  A  complementary 
attribute,  the  ‘Interface  Provided’  (IFP),  restricts  the  types 
of  child  devices  that  may  be  connected  to  a  device.  Each 
device  type  may  have  more  than  one  IFR  or  IFP.  For  a 
valid  connection,  one  of  the  device’s  IFRs  must  match  at 
least  one  of  the  IFPs  of  the  potential  parent  device.  As  a 
simple  example,  it  is  not  possible  to  plug  an  Allen- 
Bradley  I/O  card  into  a  VME  chassis  because  the  IFR 
needed  by  the  A/B  cards  does  not  match  any  of  the  IFPs 
exported  by  the  VME  chassis. 

A  helpful  question  that  assists  in  working  with  this 
connection  scheme  is  to  ask  for  each  device  “What  does  it 
plug  into?”  (its  IFR)  or  “What  can  plug  into  it”  (its  IFP). 

Device  Table  of  Device  Instances 

Each  device  installed  at  the  APS  is  an  instance  of  one 
of  the  defined  device  types.  To  date,  13,384  devices  have 
been  identified  and  entered  in  VCCT.  Additional 
attributes  required  to  fully  describe  an  installed  device  (a 
device  instance)  include  its  location,  serial  number, 
logical  number  (used  by  software  to  identify  a  particular 
device),  and  physical  slot  (a  physical  slot  number  or 
position  in  a  daisy  chain).  To  track  the  connection- 
oriented  hierarchy,  a  parent-id  attribute  is  required  that  is 
a  reference  to  another  device  that  is  this  device’s  parent. 
Each  device  supplies  data  to  (or  receives  commands  from) 
or  supplies  power  to  its  parent  device. 

Many  of  the  device  attributes  are  optional  and  are 
placeholders  until  valid  data  may  be  entered. 

The  Physical  Data  Model  for  VCCT  shown  in  Figure  1 
illustrates  the  relationship  between  the  device_table,  and 
the  device Jype_table  and  its  related  tables. 


Figure  1:  VCCT  Physical  Data  Model. 
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DEVTREE 

The  data  mining  process  was  successful  in 
‘discovering’  the  vast  majority  of  the  APS  control  system 
equipment.  To  provide  the  ability  to  manually  complete, 
update,  and  display  the  device  hierarchy,  a  graphical  user 
interface  (GUI)  tool  ‘DevTree’  was  developed.  DevTree 
was  developed  in  Java  to  allow  for  platform 
independence.  For  the  initial  implementation,  the  physical 
data  model  shown  in  Figure  1  was  implemented  using  a 
flat  file  for  each  IOC,  to  minimize  collisions  between 
multiple  user  editing  sessions  (see  the  following  section 
for  plans  on  using  MySQL). 

DevTree  allows  the  user  to  interact  with  the  connection 
hierarchy  much  like  a  file  system  hierarchy.  Figure  2 
shows  an  example  of  the  DevTree  display  GUI. 

If  a  device  is  selected  in  the  connection  hierarchy,  then 
details  of  its  location,  logical  number,  physical  slot,  etc. 
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Figure  2:  VCCT  Graphical  User  Interface. 


are  shown  in  the  top  panel.  The  user  readily  sees  all  the 
devices  that  share  any  backplane  or  field  bus  daisy  chain 
and  can  immediately  observe  the  data  flow  from  the  IOC 
to  the  instrument.  Branches  may  be  expanded  or  collapsed 
to  adjust  the  view  as  desired. 

When  the  user  wants  to  add  a  device  to  the  hierarchy, 
only  those  device  types  whose  IFR  matches  the  selected 
device’s  IFP  will  be  displayed.  This  minimizes 
configuration  errors  by  not  allowing  inconsistent 
connections  (e.g.,  you  cannot  plug  a  VXI  board  into  a 
VME  chassis).  A  string  entry  field  is  provided  to  filter  the 
list  of  choices  should  it  be  too  long. 

FUTURE  PLANS 

•  DevTree  is  now  used  exclusively  to  maintain  the 
searchable  control  equipment  inventory.  An  effort  is 
in  progress  to  convert  VCCT  to  using  a  relational 
database.  The  MySQL  database  has  been  set  up  using 
the  physical  data  model  of  Figure  1,  and  the  VCCT 
flat  file  data  has  been  imported  into  the  relational 
database.  This  information  will  greatly  enhance  the 
accessibility  of  the  data  for  more  advanced  reporting 
and  searching. 

•  Working  with  the  connection  hierarchies  has  revealed 
that  devices  actually  belong  to  three  hierarchies  at 
once:  control  flow,  power,  and  housing.  Work  is  in 
process  to  better  define  this  tri-hierarchy  schema, 
which  will  lead  to  a  more  thorough  device  definition. 

•  Discussion  has  begun  to  extend  this  idea  to  allow  full 
documentation  of  interdevice  wiring. 

•  We  recognize  that  the  connection-oriented  hierarchy 
has  the  potential  to  allow  tracing  of  a  fault  from  a  PV 
to  the  device  where  the  information  flow  is  broken. 
Another  GUI  tool  that  interacts  with  this  database,  the 
PV  database,  and  live  PV  data  (via  Channel  Access) 
to  provide  this  feature  has  been  envisaged. 

CONCLUSION 

Maintaining  accurate  information  on  more  than  13,000 
installed  devices  in  the  APS  control  system  presents  a 
huge  challenge.  Implementing  a  connection-oriented 
approach  to  defining  installed  equipment  has  made 
significant  progress  in  addressing  this  problem.  The 
convenience  of  a  GUI  tool  (DevTree)  to  maintain  this 
hierarchy  promotes  wide  cooperation  and  accurate  entries. 
This  groundwork  promises  a  huge  payback  as  more  tools 
are  developed  to  take  advantage  of  this  data. 
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Abstract 

The  SDDS  EPICS  toolkit  has  recently  been  enhanced 


by  the  addition  of  a  general-purpose  optimizer.  The  tool 
sddsoptimize  is  easily  configured  and  has  features  that 
make  it  robust.  The  sddsoptimize  program  has  been  incor¬ 
porated  in  many  new  Tcl/Tk  applications  used  for  various 
Advanced  Photon  Source  tune-up  operations,  such  as  in¬ 
jection  tune-up  for  the  storage  ring,  coupling  minimization 
of  the  storage  ring,  and  the  automatic  phasing  of  the  linac. 

INTRODUCTION 

The  development  of  high-level  software  for  operations 
and  machine  physics  measurements  at  the  Advanced  Pho¬ 
ton  Source  (APS)  has  progressed  steadily  since  the  start 
of  operations.  The  foundation  of  our  software  is  the  ro¬ 
bust  self-describing  data  set  (SDDS)  file  protocol  [1],  and 
the  accompanying  SDDS  Toolkit  of  applications.  In  addi¬ 
tion  an  SDDS-compliant  EPICS  toolkit  [2]  acts  as  the  in¬ 
termediary  between  the  EPICS  control  system  and  SDDS- 
protocol  data  files. 

A  generic  optimization  program  sddsoptimize  has 
been  added  to  the  EPICS  toolkit.  The  ability  to 
do  optimization  complements  the  generic  feedback  tool 
sddscontrollaw,  with  both  applications  handling  the  set 
of  adjustment  problems  likely  to  be  seen  in  accelerators. 
The  features  of  sddsopt  imize  and  recently  added  features 
of  sddscontrollaw  are  covered  in  reference  [2]. 

A  feedback  process  relies  on  several  readbacks  being  (at 
least  approximately)  linearly  dependent  on  a  set  of  actua¬ 
tors.  Using  a  correction  matrix  to  evaluate  new  set  points 
for  the  actuators,  feedback  usually  takes  a  few  steps  to  con¬ 
verge.  In  optimization,  there  is  only  one  readback  (or  a  sum 
of  squares  of  readbacks),  there  is  no  matrix  to  give  an  ini¬ 
tial  direction  for  actuator  changes,  and  the  readback  is  most 
likely  a  nonlinear  function  of  the  actuator  changes.  As  a  re¬ 
sult,  one  can  expect  the  optimization  process  to  take  many 
more  steps  to  converge,  especially  with  a  large  number  of 
variables.  This  is  a  drawback,  but  there  is  no  other  choice 
in  these  cases. 

As  mentioned  earlier,  feedback  and  optimization  are  ap¬ 
plicable  to  separate  sets  of  problems.  However,  a  feedback 
problem  with  one  or  two  variables  can  be  formulated  into 
an  optimization  problem  if  the  convergence  time  is  not  an 
issue.  Optimization  obviates  a  correction  matrix  and  its 
configuration  files  are  easier  to  maintain. 

In  accelerators,  optimization  is  usually  done  manually 
or  with  software  written  for  a  particular  optimization  prob- 
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lem.  This  approach  may  cost  tune-up  time  (e.g.,  inef¬ 
ficient  tweaking)  and  effort  (maintenance  of  customized 
software).  As  far  as  we  know,  no  one  has  written  an  op¬ 
timization  control  system  application  that  is  configurable 
for  any  problem.  In  this  paper  we  will  list  the  features  of 
sddsoptimize  and  give  examples  of  its  use  at  the  APS. 

FEATURES 

The  optimization  criterion  is  the  rms  value  of  one  or 
more  EPICS  process  variables  (PVs),  or  else  the  value  ob¬ 
tained  by  running  a  script.  In  the  former  case,  the  PVs 
are  listed  in  an  SDDS  file  with  optional  values  for  weights, 
target  values,  and  tolerances.  In  the  latter  case,  the  mea¬ 
surement  script  can  be  used  to  perform  more  general  oper¬ 
ations,  which  may  or  may  not  involve  accessing  PV  values. 
The  variable  PVs  are  listed  in  an  SDDS  file  as  well  with 
a  range  defined  by  lower  and  upper  limits  data.  Setting 
the  values  of  control  variables  can  be  replaced  by  running 
a  “variable  script”  (given  by  the  varScript  option)  so  that 
the  program  can  effectively  set  PVs  in  an  arbitrarily  com¬ 
plicated  fashion,  or  even  perform  optimizations  that  do  not 
involve  PVs.  There  are  no  obvious  IOC  calls  if  both  vari¬ 
able  and  measurement  scripts  are  provided. 

Two  optimization  methods  are  provided:  Simplex  and 
successive  ID  optimization  (also  called  ID  scan).  Simplex 
is  a  multidimensional  minimization  method  that  requires 
only  function  evaluations.  It  is  frequently  the  best  method 
if  the  computational  burden  is  small.  By  default,  our  Sim¬ 
plex  method  makes  explicit  use  of  a  one-dimensional  min¬ 
imization  algorithm  as  a  part  of  the  computational  strategy, 
since  this  often  will  make  the  optimization  proceed  faster; 
this  can  be  disabled  in  cases  where  it  is  found  not  to  help. 
The  successive  ID  scan  method  allows  minimizing  of  the 
target  with  respect  to  each  parameter  separately  and  in  turn. 
The  main  disadvantage  is  that  if  the  optimal  changes  of  the 
parameters  are  mutually  dependent,  this  method  may  con¬ 
verge  very  slowly  toward  the  minimum.  Nevertheless,  it 
runs  efficiently  when  the  variations  are  quasi-independent. 

The  program  performs  minimization  by  default  and  will 
perform  maximization  if  the  “-maximize”  option  is  given. 

sddsoptimize  can  be  used  to  adjust  knob  PVs,  which 
are  predefined  linear  combinations  of  PVs.  Examples  are 
knobs  for  orbit  bumps  or  ganged  timing  control  for  a  set  of 
kicker  magnets. 

The  control  variables  for  readback  and  variables  are 
specified  by  SDDS  files.  The  knobs  PVs  are  configured 
by  SDDS  files. 

To  make  the  optimization  robust,  a  series  of  validity  tests 
on  PV  values  are  implemented  by  means  of  an  additional 
SDDS  file  containing  the  names  of  PVs  and  their  corre- 
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sponding  limit  values.  The  optimization  is  suspended  if 
one  of  the  tests  fails.  This  can  be  used  to  avoid  process¬ 
ing  invalid  data  and  to  terminate  the  program  if  it  adjusts 
settings  beyond  a  safe  or  reasonable  range. 

The  optimization  can  be  stopped  at  will  by  the  user  using 
ctrl-c  (i.e.,  the  UNIX  SIGINT  signal).  The  best  settings  ob¬ 
tained  so  far  will  then  be  implemented  before  the  program 
terminates. 

sddsoptimize  optionally  logs  settings  and  results  to  an 
SDDS  file.  This  file  can  be  used  to  view  results  during  or 
after  an  optimization  and  also  to  set  up  a  new  optimization. 


APPLICATIONS 

We  have  configured  several  instances  of  sddsoptimize 
for  various  optimization  problems  at  APS.  They  are  usu¬ 
ally  wrapped  within  a  customized  graphical  user  interface 
(GUI)  that  uses  standardized  Tcl/Tk  widget  libraries.  The 
controls  available  on  the  GUIs  are:  an  entry  for  the  log  file 
directory,  a  button  to  set  up  the  accelerator  condition,  a  but¬ 
ton  to  start  optimization,  and  a  button  to  plot  the  progress  of 
optimization.  For  simplicity,  most  of  the  optimization  pa¬ 
rameters  in  the  GUI  are  hard-coded.  However,  where  flex¬ 
ibility  is  required,  some  parameters  are  available  for  mod¬ 
ification  in  the  GUI.  A  pop-up  window  displays  the  output 
of  sddsoptimize  with  an  abort  button. 

Averaging  of  the  readbacks  is  used  in  all  cases,  as  the 
simplex  search  algorithm  is  sensitive  to  noise.  Several  cy¬ 
cles  of  optimization  is  recommended  to  ensure  that  noise 
does  not  cause  a  false  minimum. 

Maximizing  Injection  Efficiency 

The  efficiency  is  particularly  difficult  to  optimize  at  APS 
since  the  available  aperture  of  the  storage  ring  (SR)  is  rel¬ 
atively  small,  the  booster  beam  is  relatively  large,  and  the 
trajectory  in  the  transfer  line  jitters  to  some  degree.  The  op¬ 
timization  problem  is  that  of  steering  with  unknown  aper¬ 
ture  coordinates  and  beam  absolute  positions  (at  least  to 
the  accuracy  desired).  If  we  had  a  beam  position  monitor 
(BPM)  in  the  transfer  line  where  the  aperture  is  smallest, 
then  a  feedback  process  would  be  used  to  reproduce  the 
trajectory  there. 

A  measurement  script  calculates  an  average  efficiency 
from  the  charge  stored  in  several  pulses  divided  by  the  to¬ 
tal  charge  injected.  The  variable  PVs  are  the  two  SR  sep- 
tums  and  a  pure  x-coordinate  “Entrance”  knob  that  uses 
the  last  two  horizontal  plane  correctors  of  the  transfer  line. 
Though  Simplex  optimization  finds  the  best  direction  for 
the  variables  after  testing  many  directions,  we  occasionally 
help  the  method  by  creating  knobs  that  might  speed  up  the 
search  initially.  In  this  case,  the  first  SR  septum  PV  vari¬ 
able  was  replaced  with  an  “Exit”  knob  that  has  the  two  SR 
septum  PVs  combined  to  give  a  pure  x-coordinate  at  the 
end  of  the  downstream  septum.  The  aperture  is  known  to 
be  small  there,  so  an  adjustment  of  the  trajectory  at  that 
aperture  is  thought  to  make  the  optimum  search  efficient. 


The  optimization  usually  finds  a  peak  rather  than  a  broad 
optimum.  Depending  on  the  SR  lattice,  one  may  obtain  a 
peak  efficiency  as  low  as  80%  (for  the  low-emittance  lat¬ 
tice).  Figure  1  shows  an  example  of  optimization  of  the 
injection  efficiency  for  the  low-emittance  lattice.  Some  of 
the  actuator  set  points  produce  a  bad  result.  This  is  neces¬ 
sary  in  the  optimization  process,  as  negative  directions  for 
the  simplex  are  found  and  excluded. 


Efficiency 


H  Efficiency 


Figure  1:  Injection  efficiency  optimization.  Two  variables 
“Entrance”  and  “Exit”  are  knobs  mentioned  in  the  text.  The 
downstream  septum  is  named  S1S2  in  the  control  system 
and  functions  as  a  trajectory-angle  adjustment. 


The  injection  optimization  is  done  during  the  machine 
studies  period  that  precedes  top-up  operation.  The  injec¬ 
tion  rate  is  2  Hz,  so  the  optimization  proceeds  relatively 
quickly.  The  optimization  has  not  been  implemented  dur¬ 
ing  top-up  operation  yet,  given  the  low  repetition  rate  of 
injection  (once  every  two  minutes),  and  the  possible  long 
periods  of  low  efficiency  when  the  variables  are  searching 
for  the  best  path.  If  the  injection  efficiency  during  top-up 
operation  drops  significantly,  we  presently  do  a  ID  tweak¬ 
ing  on  one  septum  to  prevent  getting  too  far  from  reference 
set  points. 


SR  Beam  x-y  Coupling  Minimization 

SR  beam  x-y  coupling  minimization  uses  measurements 
of  the  vertical  beam  size  of  the  X-ray  pinhole  beam  image 
as  readbacks.  Knobs  for  sine  and  cosine  harmonics  of  ten 
skew  quadrupoles  are  the  variables. 

Note  that  minimizing  the  coupling  could  be  handled  by 
a  complicated  feedback  process  where  coupling  matrix  el¬ 
ements  at  various  points  around  the  ring  would  be  mea¬ 
sured  with  several  experiments.  However,  we  already  know 
the  knobs  selected  have  the  largest  influence  on  the  x-y 
coupling.  Because  optimization  is  faster,  we  selected  this 
method  to  minimize  the  coupling.  Figure  2  shows  a  good 
example  of  coupling  reduction  during  optimization. 


On-Axis  Injection  Set-Up 

To  set  up  on-axis  injection  for  some  machine  physics 
experiments,  the  kickers  are  adjusted  so  that  the  first-turn 
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Figure  2:  Coupling  minimization. 

trajectory  coincides  with  the  closed  orbit.  The  readbacks 
are  the  BPM  readbacks  in  the  horizontal  plane,  sampled  on 
the  first  turn  and  averaged  for  32  injections.  The  range  of 
sectors  of  BPMs  is  selectable  from  the  GUI.  Limiting  the 
range  of  BPMs  was  useful  when  a  local  perturbation  was 
present  and  sectors  downstream  of  the  perturbation  needed 
to  be  ignored.  The  variables  are  the  two  injection  kickers 
downstream  of  the  injection  area. 

A  feedback  could  have  accomplished  the  same  thing, 
since  the  BPM  readbacks  are  linearly  dependent  on  the 
kicker  strength.  However,  this  would  have  required  a 
lattice-dependent  linear  correction  matrix  for  each  lattice 
type,  which  implies  extra  maintenance  on  trajectory  config¬ 
uration  files.  The  implementation  for  optimization  happens 
to  be  simpler  in  this  case,  and  the  optimization  files  work 
for  all  lattices.  Figure  3  shows  an  example  of  trajectory  cor¬ 
rection  starting  with  the  kickers  in  a  nominal  accumulation 
configuration  that  produced  an  rms  of  8  mm,  and  finally 
converging  with  an  rms  of  0.5  mm. 


£  4 

o 


SIK3 


SIK4 


Volue 

— e — 


Iteration 

Figure  3:  Steering  the  first-turn  trajectory  on  axis. 


Injection  Closed-Bump  Set-Up 

A  closed  bump  is  created  by  a  set  of  four  symmetrically- 
placed  kickers  in  the  injection  area.  A  closed  bump  opti¬ 
mization  is  required  to  make  best  use  of  the  SR  aperture  at 
the  septum,  i.e.,  bring  the  stored  beam  as  close  as  possible 
to  the  septum  wall  without  losing  particles. 

The  closed  bump  condition  is  obtained  by  minimizing 


the  betatron  amplitude  caused  by  the  kickers’  pulses.  A 
script  reads  the  tum-by-tum  history  of  a  selected  BPM,  cal¬ 
culates  an  amplitude,  and  averages  over  many  pulses.  The 
first  kicker  of  the  group  is  fixed  by  the  user  setting  the  over¬ 
all  amplitude  of  the  bump.  The  variables  of  the  optimiza¬ 
tion  are  the  two  downstream  kickers.  The  second  kicker  is 
essentially  equivalent  to  the  third  one,  and  both  are  equal¬ 
ized  in  amplitude  after  an  optimization  cycle. 

Booster-to-SR  rf  Phase  Adjustment 

Booster-to-SR  rf  phase  adjustment  is  optimized  for  cen¬ 
tering  the  injected  beam  in  the  rf  bucket.  A  script  down¬ 
loads  BPM  tum-by-tum  history  and  determines  the  ampli¬ 
tude  of  the  data.  The  variable  is  an  rf  phase  PV. 

Beam-Based  Optimization  of  rf  Phase  and  Power 
in  the  APS  Linac 

The  injector  has  a  four-magnet-chicane  bunch  compres¬ 
sor  after  the  first  set  of  accelerating  structures.  A  fluores¬ 
cent  screen  at  the  center  of  the  chicane  allows  viewing  of 
the  linac  beam  energy  and  energy  spread.  A  Tcl/Tk  appli¬ 
cation  was  written  that  periodically  inserts  the  screen  and 
then  runs  sddsopt  imize  to  reduce  the  energy  spread  while 
keeping  the  energy  constant  using  sddscontrollaw.  The 
application  was  found  to  be  robust  and  is  quick  enough  to 
run  between  top-up  events  and  thus  keep  the  upstream  part 
of  the  linac  properly  phased.  We  also  envision  using  it  as 
part  of  the  start-up  procedure  to  obviate  the  need  for  man¬ 
ual  rf  phasing  by  operators. 

Maximizing  Capture  Efficiency  of  the  Particle  Ac¬ 
cumulator  Ring 

Another  injector  application  is  to  maximize  capture  ef¬ 
ficiency  of  the  particle  accumulator  ring  (PAR),  which  is 
downstream  of  the  linac.  The  PAR  is  sensitive  to  energy 
drift  in  the  linac.  We  have  found  that  this  is  not  completely 
compensated  by  restoring  the  trajectory,  even  though  we 
have  BPMs  in  dispersion  regions  and  allow  the  feedback  to 
change  rf  power  levels.  Hence,  a  Tcl/Tk.  application  was 
written  that  uses  sddsopt  imize  to  adjust  the  power  and 
phase  in  the  last  linac  structure,  along  with  the  set  points 
for  the  trajectory  feedback.  At  present,  this  is  a  work  in 
progress,  as  we  find  the  algorithm  does  not  always  result 
in  an  improvement,  probably  due  to  the  amount  of  noise  in 
the  readbacks. 
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Abstract 

The  Advanced  Photon  Source  (APS),  a  premier  third- 
generation  synchrotron  radiation  source,  presently  oper¬ 
ates  in  top-up  mode  during  most  user  run  time.  During 
top-up  mode,  charge  is  injected  into  the  storage  ring  at 
approximately  2-minute  intervals  to  stabilize  the  stored 
beam  current  to  within  0.1%.  Top-up  mode  requires  the 
dedicated  use  of  the  entire  APS  injector  system,  severely 
limiting  time  available  for  operator  training. 

The  APS  injector  test  stand  (ITS)  is  presently  config¬ 
ured  to  operate  a  ballistic  bunch  compression  (BBC)  rf 
gun,  which  uses  three  independently  powered  and  phased 
rf  cavities,  and  either  a  thermionic  cathode  or  a  photo¬ 
cathode.  Operation  of  the  BBC  gun  requires  cavity  phas¬ 
ing  and  input  rf  power  selection  analogous  to  the  opera¬ 
tion  of  a  high-energy  linac.  In  conjunction  with  the  ITS 
beamline  components  (quadrupoles,  dipoles,  diagnostics, 
correctors),  this  provides  an  effective  analog  to  the  APS 
linac.  Operators  can  therefore  practice  accelerator  tuning 
and  control  methods  with  a  live  beam  and  real  compo¬ 
nents,  rather  than  simulations,  while  top-up  operation  is 
ongoing. 

INTRODUCTION 

For  some  time,  the  Advanced  Photon  Source  has  been 
operated  primarily  in  top-up  mode  during  user  studies. 
During  top-up,  charge  is  injected  into  the  storage  ring 
once  every  two  minutes,  to  maintain  a  stable  circulating 
beam  current.  This  eliminates  the  varying  heat  load  on 
user  optics  associated  with  stored  beam  current  decay  and 
subsequent  refills,  providing  for  more  stable  operation 
and  constant,  maximum  flux  operation.  Top-up  has  also 
allowed  the  APS  to  operate  using  lower  emittance,  higher 
average  brilliance  lattices,  with  associated  shorter  stored- 
beam  lifetimes,  to  further  improve  user  operations. 

Top-up  operation  comes  with  a  price,  however,  both  in 
terms  of  machine  maintenance  requirements  and  in  terms 
of  injector  availability  for  other  uses.  During  top-up 
mode,  the  entire  APS  injector  complex  must  essentially 
run  continuously.  Therefore,  there  are  greater  than  usual 
demands  upon  operational  reliability  and  performance. 
There  is  also  very  little  time  to  fix  injector  faults  before 
the  stored  beam  current  is  impacted  significantly. 

This  paper  deals  with  the  other  measure  of  top-up  costs: 
injector  availability  for  non-storage-ring  injection,  spe¬ 
cifically  with  regard  to  operator  training  time. 


*  This  work  is  supported  by  the  U.S.  Department  of  Energy,  Office  of 
Basic  Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 
f  Lewellen@aps.anl.gov 


APS  TRAINING  REQUIREMENTS 

Operators  at  the  APS  are  required  to  be  knowledgeable 
about  four  separate  accelerators:  the  linac,  the  particle 
accumulator  ring  (PAR),  the  booster  synchrotron,  and  the 
storage  ring.  (The  PAR  is  slated  for  long-term  obviation; 
however,  it  will  remain  in  use  for  the  next  year  at  least.) 

Operator  training  can  be  conducted  only  when  the  stor¬ 
age  ring  is  not  in  top-up  mode  and  the  APS  is  not  in  a 
shutdown.  Eight-hour  and  2-day  studies  periods  are  alter¬ 
nately  scheduled  on  a  weekly  basis,  however,  these  are 
most  often  dedicated  for  machine  repair  and  verification, 
and  machine  physics  studies. 

There  are  typically  2  to  3  weeks  of  non-top-up  storage 
ring  operations  scheduled  every  3 -month  run  period  dur¬ 
ing  which  operator  training  time  can  reasonably  be  sched¬ 
uled.  This  time,  however,  is  in  high  demand  also  for  in¬ 
jector  maintenance,  free-electron  laser  operation,  and 
studies  related  to  future  operational  requirements  of  the 
APS.  Therefore,  a  means  of  providing  operator  training 
time  during  top-up  operation  is  increasingly  important. 

FUNDAMENTAL  ELEMENTS 

An  accelerator  operator  training  facility  should  be  able 
to  recreate  all  of  the  fundamental  aspects  of  generating, 
transporting,  diagnosing,  and  using  a  particle  beam. 

For  the  APS,  in  many  respects  the  most  complex  ma¬ 
chine  to  operate  correctly  is  the  linac.  It  is  the  only  non¬ 
circulating  machine  in  the  APS  injector  complex,  and  as  a 
result,  many  of  the  controls  and  operating  systems  are 
somewhat  different  from  the  remainder  of  the  APS  accel¬ 
erators.  The  linac  is  also  the  most  in-demand  accelerator 
for  studies  during  non-top-up  periods. 

LINAC  SURROGATES 

A  good  linac  simulator  would  certainly  be  a  feasible 
means  of  providing  operator  training;  however,  there  are 
several  limitations  to  this  approach.  These  include  re¬ 
sponse  time,  construction  time,  and  operator  buy-in. 

All  of  the  physical  features  appearing  in  the  APS  linac 
have  analogs  in  various  simulation  codes  such  as  elegant 
[1]  or  PARMELA  [2].  Even  with  a  fast  computer,  the 
response  time  of  these  codes  to  changes  in  the  input  deck 
is  not,  generally  speaking,  as  rapid  as  the  response  of  a 
real  accelerator  to  a  similar  change.  There  must  also  be  a 
method  for  wrapping  the  simulation  code,  including  in¬ 
puts  and  outputs,  into  an  analog  of  the  actual  control  sys¬ 
tem,  to  foster  both  familiarity  and  the  causal  relationship 
with  the  actual  linac  control  system. 

Wrapping  the  required  features  into  a  graphical  inter¬ 
face  that  mirrors  the  behavior  and  response  of  the  actual 
APS  control  system,  however,  would  take  the  dedicated 
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attention  of  a  number  of  programmers  and  physicists. 
While  certainly  feasible,  this  would  consume  scarce  re¬ 
sources  for  what  is  essentially  a  single-purpose  program. 
Finally,  even  a  very  good  training  program  could  elicit  the 
“videogame  effect.”  That  is,  the  operators  know  it  is  not 
real;  this  can  lead  to  a  lack  of  interest,  among  other  ef¬ 
fects. 

Instead,  we  propose  that  the  APS  injector  test  stand 
(ITS)  can  serve  as  a  reasonable  analog  to  the  APS  linac 
for  training  purposes.  The  ITS  contains  most  of  the  ele¬ 
ments  found  within  the  APS  linac  and  all  the  essentials 
for  learning  the  fundamentals  of  accelerator  operation. 
Perhaps  most  importantly,  the  presently  installed  electron 
gun  consists  of  three  rf  cavities,  each  with  its  own  inde¬ 
pendent  rf  port.  This  allows  independent  adjustment  of 
the  gradient  and  phase  in  each  cell,  directly  analogous  to 
separate  tanks  or  sectors  in  a  high-energy  linac. 

Other  components  of  the  ITS  line  are  common  linac 
elements:  quadrupoles,  steering  correctors,  gate  valves, 
dipoles,  current  monitors,  Faraday  cups,  and  viewscreens. 
A  CAD-generated  layout  of  the  test  stand  is  shown  in 
Figure  1.  In  fact,  the  only  element  present  in  the  APS  li¬ 
nac  that  is  missing  an  analog  in  the  ITS  is  a  beam  position 
monitor  (BPM).  We  plan  to  install  a  BPM  in  the  ITS  to 
permit  the  testing  of  new  BPM  electronics,  however,  so 
this  will  be  addressed  shortly. 

The  use  of  the  ITS  as  an  operator  training  facility  has 
two  additional  advantages.  First,  operators  may  be  shown 
the  physical  layout  at  any  time,  to  permit  an  immediate 
comparison  between  the  reality  of  the  hardware  versus  its 


representation  in  the  control  system.  Such  an  understand¬ 
ing  can  be  valuable  when  attempting  to  remotely  diagnose 
fault  conditions.  Second,  if  an  operator  is  so  inclined,  he 
or  she  can  participate  in  the  active  injector  research  pro¬ 
gram  taking  place  in  the  test  stand. 


Figure  1 :  Injector  test  stand  physical  beamline  layout. 


CONTROL  SYSTEMS 

The  ITS  control  system  [3]  is  based  on  EPICS,  as  are 
all  accelerators  in  the  APS  complex.  This  effectively  lev¬ 
erages  the  wide  variety  of  component  control  screens, 
hardware  drivers,  and  higher-level  software  in  use 
throughout  the  remainder  of  the  APS  accelerator  complex. 
It  also  helps  ensure  that  the  “look  and  feel”  and  response 
of  the  ITS  control  system  is  similar  to  that  of  the  rest  of 
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Figure  2:  Injector  test  stand  control  and  facilities  screens. 
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the  APS.  The  ITS  control  system  does  not  rely  on  APS 
operational  hardware,  however,  meaning  that  faults  or 
error  conditions  within  the  ITS  will  not  affect  the  opera- 
tion  of  the  APS  itself. 

The  top-level  control  screens  for  the  ITS  are  shown  in 
Figure  2.  The  layout  of  the  beamline  screen  is  chosen  to 
mirror  the  actual  device  layout,  as  is  done  with  the  main 
APS  accelerator.  The  facilities  panel  also  mimics  the 
layout  and  content  of  the  APS  linac. 

The  rf  control  system  for  the  ITS  [4]  is,  by  necessity, 
different  from  that  of  the  linac.  Instead  of  individual  kly¬ 
strons  for  each  linac  sector,  the  ITS  uses  two  variable 
power  dividers,  two  phase  shifters,  and  three  circulators  to 
provide  isolated  rf  power  feeds  to  three  separate  ports. 
The  ITS  rf  power  distribution  control  screen  is  shown  in 
Figure  3. 


Whenever  possible,  the  individual  component  control 
panels,  such  as  those  for  flags,  power  supplies  and  vac¬ 
uum  systems,  use  exactly  the  same  template  files  as  those 
for  the  APS  linac. 


CONCLUSIONS 

The  APS  injector  test  stand  is  currently  operational,  and 
commissioning  has  begun  on  the  2.5-cell  ballistic  com¬ 
pression  rf  gun.  Although  it  is  intended  primarily  for  use 
as  a  research  laboratory,  the  test  stand  will  also  serve  as 
an  operator  training  facility.  Advantages  include  similar¬ 
ity  of  the  control  system  to  the  APS  as  a  whole,  similarity 
of  tuneup  procedures  to  the  APS  linac,  easy  access  for 
operator  orientation  and  familiarization,  and  the  ability  to 
permit  operators  to  actively  participate  in  an  ongoing  re¬ 
search  program. 
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Abstract 

A  new  VME  based  system  has  been  developed  and 
built  at  CERN  for  the  servo  loops  regulating  the  field  in 
the  linac  accelerating  structure.  It  makes  use  of  high 
speed  digital  IQ  detection,  digital  processing,  and  digital 
IQ  modulation.  The  digital  processing  and  IQ  modulation 
is  done  in  a  single  PLD.  The  system  incorporates 
continually  variable  set  points,  iterative  learning,  feed 
forward  as  well  as  extensive  diagnostics  and  other 
features  well  suited  for  digital  implementations.  Built  on  a 
single  VME  card,  it  will  be  first  used  in  the  energy 
ramping  RF  chain  of  the  CERN  Heavy  Ion  Linac  (linac  3) 
and  later  for  upgrading  the  present  proton  linac  (linac  2). 
This  system  serves  also  as  a  prototype  for  the  future 
Superconducting  Proton  Linac  (SPL).  The  design 
principle  and  the  experimental  results  are  described. 

INTRODUCTION 

The  needs  for  field  regulation  in  the  accelerating 
structures  of  modem  Linacs  determine  the  design  and 
capabilities  of  the  low  level  control  systems.  The  means 
to  handle  large  transient  beam  loading  (large  beam 
current  and  high  cavity  impedance)  favors  the  use  of  IQ 
sampling  and  processing  over  amplitude  and  phase.  The 
need  for  a  high  accuracy  and  low  drift  control  system 
calls  for  digital  rather  than  analog  electronics.  The 
advantages  of  easy  remote  maintenance  and  diagnostics 
also  favor  a  digital  implementation.  Lastly,  the  need  for 
sophisticated  flexible  control  algorithms,  such  as  feed 
forward  and  learning,  practically  necessitates  the  digital, 
programmable,  domain.  For  these  reasons  the  present 
development  of  the  CERN  Low  Level  Control  Card 
(LLCC)  has  focused  on  an  all  digital,  IQ  system  centered 
around  the  flexible  functionality  of  a  high  density  FPGA. 
The  goal  of  the  present  development  is  the  demonstration 
of  the  potential  technology  to  be  implemented  in  a  series 
of  products  used  to  upgrade  the  servo  systems  of 
conventional  Linacs. 

CONTROL  BOARD  DESCRIPTION 

Figure  1  shows  a  simplified  block  diagram  of  the 
CERN  LLCC  board.  There  are  three  control  loops:  the 
main  cavity  control  loop,  an  embedded  klystron  control 
loop,  and  an  embedded  feed  forward  iterative  learning 
loop.  The  main  control  loop  uses  a  standard  architecture 
that  takes  the  sampled  cavity  RF  signal  and  compares  it  to 
a  set  point.  The  resulting  error  signal  is  processed  by  a  PI 
filter  and  then  modulated  to  the  RF  frequency  which 
drives  the  klystron.  The  embedded  klystron  loop 
functions  to  eliminate  low  frequency  (<  2  kHz)  phase  and 
gain  variation  in  the  klystron  which  degrade  the  control 
margins  of  the  main  loop.  This  control  loop  compares  the 


intended  klystron  drive  signal  to  the  actual  drive  signal  as 
sampled  from  a  directional  coupler  following  the 
klystron.  Since  large  phase  rotations  are  expected  in  the 
klystron,  the  control  must  be  done  in  polar  coordinates  in 
order  to  maintain  loop  stability.  Thus  the  I  and  Q  input 
signals  must  first  be  converted  to  amplitude  and  phase. 
The  actuator  for  the  klystron  control  loop  is  a  2x2  rotation 
matrix  that  scales  and  rotates  the  I  and  Q  klystron  drive 
signals.  The  feed  forward  iterative  learning  loop  attempts 
to  cancel  repetitive  errors  that  lie  outside  the  bandwidth  of 
the  main  control  loops’  PI  filter  [1],  Finally,  the  reflected 
signal  from  the  directional  coupler  is  also  measured.  This 
signal  along  with  the  forward  and  cavity  signals  allow  for 
the  measurement  and  subsequent  control  of  the  cavity 
resonance  frequency. 

The  three  input  channels  are  identical  and  use  the  same 
digital  IQ  demodulators.  The  input  RF  at  202.56  MHz  is 
first  down  converted  to  20.256  MHz  and  filtered.  The 
resulting  IF  signal  is  sampled  with  a  14-bit  ADC  at  four 
times  the  IF  frequency,  or  every  90°.  This  results  in  a 
stream  of  consecutive  I  and  Q  values  in  the  form:  I,  Q,  -I, 
-Q,  I...[2].  When  this  data  is  de-multiplexed  and  sign 
reversed  it  results  in  a  40.512  MHz  stream  of  I  and  Q 
values. 

The  output  channel  driving  the  klystron  is  a  digital  IQ 
modulator  followed  by  a  high  speed  DAC,  reconstruction 
filter,  up  converting  mixer,  RF  filter  and  amplifier.  The 
FPGA  incorporates  the  digital  IQ  modulator  in  which  the 
I  and  Q  control  signals  are  multiplied  by  cos(OnT)  and 
sin(OnT)  respectively  then  summed.  The  value  of  the 
angle  0  is  determined  by  the  speed  of  the  FPGA.  A  small 
angle  will  result  in  lower  sidebands  in  the  output  IF  signal 
after  reconstruction  but  comes  at  the  price  of  higher 
processing  speed.  The  resulting  signal, 
Icos(9nT)+Qsin(0nT),  is  the  IF  drive  to  the  klystron  in 
digital  form.  In  the  LLCC  the  sine  and  cosine  values  are 
tabulated  for  ten  points  on  the  unit  circle  (every  36°)  and 
the  effective  multiplication  is  done  at  202.56  MHz.  This 
results  in  an  output  frequency  of  20.256  MHz.  The  actual 
multiplication  in  the  FPGA  is  done  at  half  that  rate 
(101.28  MHz)  but  in  two  parallel  data  streams.  This  can 
be  done  because  the  output  DAC  (AD9755)  has  two  data 
ports  and  internally  multiplexes  that  data  at  the  full 
202.56  MHz  rate.  Figure  2  shows  this  10-step,  20  MHz 
output  sine  wave  as  formed  by  the  DAC.  A  20.256  MHz 
band  pass  filter  following  the  DAC  is  used  to  reconstruct 
the  output  IF  signal  which  is  then  up  converted,  filtered 
and  amplified  to  become  the  202.56  MHz  RF  drive  to  the 
klystron. 
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DIGITAL  INTERFACE  RF 


Figure  1:  Block  diagram  of  CERN  low  level  control  card 


Butterworth  with  a  cut  off  frequency  of  10  MHz.  At  this 
point  the  data  from  each  channel  is  ready  for  use. 

Data  from  all  three  channels  is  used  in  the  resonance 
control  algorithm.  The  ‘forward’  data  is  also  used  for  the 
klystron  control  loop.  The  ‘cavity’  data  is  used  for  the 
main  control  path. 

The  I  and  Q  set  points  in  the  main  control  loop  are  fed 
from  an  asynchronous  on-board  RAM.  The  RAM  is  256k 
x  16-bit  (4MB)  which  is  sufficient  capacity  for  3.3  ms  of 
data  at  the  full  40  MHz  rate.  The  use  of  a  RAM,  rather 
than  fixed  values,  allows  for  modulation  of  the  set-points 
during  the  tum-on  phase  of  each  pulse  in  order  to  avoid 
excessive  overshoots  in  the  error  signal. 

A  feed-forward  signal  can  be  added  following  the  PI 
filter  from  an  identical  on-board  4MB  RAM.  This  signal 
is  used  to  cancel  the  effects  of  fixed  errors  that  occur 
beyond  the  bandwidth  of  the  loop.  Alternatively  this  input 
can  also  be  used  to  test  the  klystron  and  cavity  response 
when  the  feedback  loop  is  open.  Finally  there  are  two 
other  4MB  RAMs  used  in  the  iterative  learning  loop. 

The  LLCC  board  has  both  analog  and  digital  diagnostic 
capabilities.  Each  input  channel  as  well  as  the  output 
channel  has  a  high  speed  SPDT  RF  switch  as  the  leading 
component.  The  switch  is  controlled  by  the  FPGA  and 


All  of  the  control  and  logic  functions  for  all  three  loops 
on  the  LLCC  are  done  on  a  single  FPGA  (Xilinx 
XC2V2000).  All  of  the  input  channels,  as  well  as  having 
identical  analog  front  ends,  have  an  identical  ‘digital’ 
front  end.  The  14-bit  80  MHz  I,Q,-I,-Q,I...data  stream 
coming  out  of  the  ADC’s  is  split  and  alternately  sign 
reversed  in  the  FPGA  to  form  the  parallel  40  MHz  I  and 
Q  data  streams.  This  data  is  then  rotated  and  scaled  with  a 
2x2  matrix  such  that  I0UT  =  Iin(xcos(<|>)  -  Q^asin^)  and 
Qout  =  IiNCtsin(<j))  +  Qmacos^).  The  values  of  a  and  <j> 
are  used  to  calibrate  for  fixed  gain  and  phase  variations 
on  each  channel. 


Figure  2:  A  10-step,  20  MHz,  output  sine  wave  formed  by 
the  FPGA  IQ  modulator  driving  the  output  DAC. 


After  rotation  and  scaling  the  data  is  passed  through  a 
digital  low  pass  filter.  This  filter  is  a  third  order 
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allows  test  inputs  to  be  used  on  any  or  all  of  the  input 
channels.  The  test  port  of  the  output  channel  can  be 
connected  to  any  of  the  input  channels  and  the  loop  can 
be  closed  without  the  klystron  or  cavity.  This  function  can 
be  used  to  check  the  operation  and  calibration  of  the  input 
and  output  channel  between  pulses.  The  digital  diagnostic 
capabilities  consist  of  four  4MB  RAMs  identical  to  the 
ones  used  in  the  control  loops.  These  RAMs  can  record  I 
and  Q  data  during  the  pulse  from  any  4  of  8  locations  in 
the  digital  data  path.  These  locations  are:  the  cavity  error 
signal,  the  klystron  loop  output  signal,  the  final  drive 
signal,  the  iterative  learning  signal,  the  drive  signal  before 
klystron  correction,  and  finally  each  of  the  three  input 
signals  after  they  have  been  scaled  and  filtered.  The 
FPGA  internally  multiplexes  these  signals  to  the  RAMs 
which  record  the  data  during  the  pulse.  After  the  pulse  the 
data  can  be  sent  via  the  back  plane  to  be  plotted  or  stored. 
The  same  data  buses  feeding  the  RAMs  also  go  to  4  dual¬ 
channel  40  MSPS  DACs  whose  outputs  are  available  on 
the  front  panel.  Through  these  DACs  the  diagnostic 
signals  can  be  observed  with  an  oscilloscope. 

EXPERIMENTAL  RESULTS 

The  LLCC  board  has  not  yet  undergone  extensive  tests, 
however  two  parameters  have  been  tested:  the  minimum 
group  delay  from  input  to  output,  and  the  channel  to 
channel  isolation.  The  minimum  group  delay  was 
measured  by  having  the  simplest  possible  function  in  the 
FPGA.  This  function  is  to  sort  the  input  IQ  stream  from 
the  sampling  ADC  and  then  send  this  IQ  data  directly  to 
the  output  modulator.  There  is  no  rotation,  filtering  or 
processing.  For  the  purpose  of  this  test  the  signal  path 
from  input  to  output  was:  input  at  the  RF  frequency,  down 
conversion  (to  20  MHz),  IF  filtering,  IQ  sampling  (at  80 
MHz),  IQ  de-multiplexing  (in  the  FPGA),  IQ  modulating 
(again  in  the  FPGA),  reconstruction  filtering,  up 
conversion,  and  finally  filtering  and  amplification  at  the 
RF  frequency.  The  total  group  delay  for  this  process,  as 
measured  with  a  network  analyzer  at  the  RF  frequency  is 
408  ns.  Figure  3  shows  the  same  results  as  measured  with 
an  oscilloscope.  The  upper  trace  is  the  pulsed  input  RF, 
the  lower  trace  is  the  output  RF  envelope.  The  time  scale 
is  100  ns/div.  Each  of  the  three  analog  band-pass  filters 
contribute  about  75  ns  of  delay.  These  filters  have  a  full 
bandwidth  of  20  MHz.  The  delay  of  the  A  to  D 
conversion  is  4  cycles  at  80  MHz,  50  ns.  The  delay 
through  the  FPGA  for  de-multiplexing  and  modulating 
the  IQ  signal  is  1 12.5  ns.  The  delay  of  the  output  DAC  is 
approximately  15  ns. 
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Figure  3:  RF  envelope  of  the  pulsed  input  (upper  trace) 
and  output  (lower  trace).  100  ns/div  time  scale. 

The  channel  to  channel  isolation  was  measured  by  first 
injecting  an  RF  signal  into  the  ‘Cavity*  input  channel 
which  produced  an  output  signal  in  the  manner  described 
above.  The  output  power  was  measured  to  be  +13  dBm. 
The  same  signal  was  then  injected  into  the  ‘Forward’ 
channel  which  is  physically  the  closest  to  the  ‘Cavity’ 
input  channel  and  should  therefore  present  the  largest 
degree  of  coupling.  The  ‘Forward’  channel  was  fully 
powered  and  sampled,  except  that  its  sampled  I  and  Q 
values  were  not  fed  to  the  output  modulator  as  with  the 
‘Cavity’  channel.  The  output  power  in  this  case  was 
measured  to  be  -55  dBm.  The  difference  between  the  two 
levels  is  taken  to  be  the  isolation,  which  is  68  dB. 


CONCLUSION 

An  all  new  digital  low  level  cavity  control  system  has 
been  designed  and  built  at  CERN.  The  control  system  is 
centered  around  a  single  high  speed  FPGA  and  uses  the 
latest  in  high  speed  conversion  electronics  to  both  sample 
the  input  signals  and  create  the  corrected  output  drive 
signal.  The  system,  built  on  a  single  VME  board,  has 
three  identical  input  channels  and  one  output  channel.  The 
system  has  extensive  diagnostic  capabilities  made 
possible  through  the  use  of  on-board  RAMs  and  signal 
multiplexing  in  the  FPGA.  Other  RAMs  allow  for  set 
point  modulation,  feed-forward,  and  iterative  learning  in 
the  control  algorithm.  While  extensive  tests  have  not  yet 
been  performed  on  the  board,  the  minimum  input  to 
output  latency  has  been  measured  to  be  408  ns,  and  a 
channel  to  channel  isolation  of  68  dB  has  been  observed. 
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Abstract 

The  Cornell  Electron  Storage  Ring  (CESR)  has  recently 
begun  an  operating  program  spanning  a  wide  energy  range, 
from  1.5  to  5.4  Gev.  Wide-range  magnetometers  are  neces¬ 
sary  for  accurate  control  of  the  bending  fields.  These  have 
been  implemented  using  the  principal  of  pulsed  nuclear 
magnetic  resonance  (NMR).  The  required  field  range  has 
been  achieved  by  using  a  high  impedance  preamplifier  in 
the  field  probe  to  isolate  the  detection  coil,  and  resonating 
the  coil  with  high-ratio  tuning  diodes.  A  probe  installed  in 
a  CESR  standard  bend  magnet  has  been  operated  continu¬ 
ously  from  350  to  2450  gauss  using  water  as  the  resonance 
medium,  and  a  second  probe  in  a  high  field  bend  magnet 
has  been  operated  from  860  to  6725  gauss,  also  using  wa¬ 
ter. 

INTRODUCTION 

When  a  nucleus  with  a  magnetic  moment  is  placed  in 
a  magnetic  field,  the  nucleus  will  preferentially  align  with 
the  magnetic  field  in  the  state  of  lowest  energy.  If  the  nu¬ 
clear  magnetic  moment  is  then  displaced  from  alignment, 
the  nucleus  will  gyrate  at  the  Larmor  frequency  in  the  same 
manner  as  a  torqued  gyroscope.  The  Larmor  frequency  is 
determined  only  by  the  field  strength  and  the  magnetic  mo¬ 
ment  of  the  nucleus,  which  is  a  precisely  known  constant. 
The  gyrating  magnetic  moment  can  be  detected  with  a  cou¬ 
pling  coil  and  an  RF  receiver,  and  hence,  the  magnetic  field 
strength  can  be  determined  as  accurately  as  RF  frequency 
can  be  measured.  If  the  magnetic  nuclei  are  contained  in  an 
isotropic  liquid,  such  as  protons  in  water,  then  NMR  mag- 
netometry  is  also  independent  of  probe  orientation. 

Steady-state  NMR 

The  traditional  method  of  NMR  magnetometry  [1]  in¬ 
volves  continuously  exciting  the  nuclei  with  a  steady-state 
RF  signal  through  a  coupling  coil  with  a  field  axis  per¬ 
pendicular  to  the  main  magnetic  field.  The  excitation 
field  will  periodically  torque  the  magnetic  moments  away 
from  alignment,  and  when  the  excitation  frequency  passes 
through  the  Larmor  frequency,  the  nuclei  will  respond  res¬ 
onantly.  If  the  coupling  coil  has  been  electrically  resonated 
with  an  external  capacitor,  then  the  nuclear  magnetic  reso¬ 
nance  will  cause  an  absorption  dip  in  the  Q  of  the  resonant 
circuit.  This  method  requires  modulation  of  the  excitation 
frequency  or  the  main  magnetic  field  to  reveal  the  absorp¬ 
tion  dip.  If  the  magnetic  field  is  not  uniform  over  the  ex¬ 
cited  volume,  then  the  contained  nuclei  will  have  a  spread 
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of  Larmor  frequencies,  and  the  absorption  dip  will  become 
broad  and  difficult  to  resolve. 

Pulsed  NMR 

A  more  efficient  method  of  NMR  magnetometry  [2]  in¬ 
volves  exciting  the  nuclei  to  maximum  gyration  with  a 
short,  high-intensity  RF  pulse,  and  then  detecting  the  mag¬ 
netic  gyration  at  the  Larmor  frequency,  the  so-called  free 
induction,  directly  with  the  coupling  coil.  In  this  case, 
magnetic  field  nonuniformity  will  be  manifest  as  the  de¬ 
coherence  decay  of  the  free  induction.  The  optimum  exci¬ 
tation  pulse  has  a  total  impulse  which  rotates  the  nuclear 
magnetic  moments  by  90  degrees  from  their  equilibrium 
orientation.  This  method  can  be  further  enhanced  by  the 
spin-echo  technique:  Even  if  the  nuclear  spins  have  de¬ 
cohered,  an  additional  excitation  pulse  of  twice  the  total 
impulse  as  the  original  can  be  applied.  This  rotates  the 
nuclear  spins  by  180  degrees  around  the  axis  of  the  exci¬ 
tation  field.  This  is  equivalent  to  inverting  the  main  mag¬ 
netic  field,  which  is  in  turn  equivalent  to  time  reversal  of 
the  Larmor  motion.  Hence,  the  nuclear  spins  will  recohere 
to  form  a  spin-echo  pulse.  This  pulse  is  twice  as  wide  as 
the  free  induction  pulse,  and  furthermore  occurs  long  after 
the  transmitter  transients  have  died  away.  These  advantages 
make  the  pulsed  NMR  method  more  reliable  and  simpler  to 
implement  than  the  steady-state  NMR  method.  The  basic 
time  sequence  of  pulsed  NMR  is  shown  in  Figure  1. 


Figure  1:  Pulsed  NMR  signals. 

Accurate  magnetic  field  measurement  with  the  pulsed 
NMR  technique  requires  that  the  drive  pulses  be  much 
shorter  than  the  detected  pulses.  When  the  width  of  the 
drive  pulse  becomes  comparable  to  the  decoherence  time, 
the  spectrum  of  the  drive  signal  begins  to  overlay  the  dis¬ 
tribution  of  nuclear  frequencies  and  conceal  the  natural  fre¬ 
quency  response.  Since  the  drive  pulses  are  constrained  to 
a  given  total  impulse,  their  width  is  inversely  proportional 
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to  the  transmitter  amplitude.  Hence,  the  uniformity  of  the 
magnetic  field  is  not  an  issue  as  long  as  sufficient  transmit¬ 
ter  power  is  available. 

TECHNIQUE 

Probe  and  Preamp 

The  resonance  medium  used  is  protons  in  water.  In  pure 
water,  the  time  for  thermal  equilibration  of  the  nuclear  mo¬ 
ments  is  greater  than  2  seconds.  This  limits  the  rate  at 
which  field  measurements  can  be  taken  because  the  mea¬ 
surement  completely  disrupts  the  aligned  nuclear  moments, 
and  a  polarized  population  must  be  reestablished  in  order  to 
make  another  measurement.  For  this  application,  101B/ml 
cupric  ions  were  added  to  the  water  to  increase  the  mag¬ 
netic  coupling  of  the  protons  to  thermal  fluctuations  of  the 
liquid.  This  makes  a  measurement  rate  of  10  Hz  practi¬ 
cal.  The  doped  water  is  placed  in  a  1/4”  glass  tube  with 
the  coupling  coil  wound  solenoidally  around  the  tube.  Fig¬ 
ure  2  represents  the  schematic  of  the  probe  and  preampli¬ 
fier,  where  LI  is  the  coupling  coil  inductance. 


Figure  2:  Probe  and  preamp. 

The  coupling  coil  is  usually  made  to  be  part  of  a  high-Q 
resonant  circuit,  since  the  amplitude  signal-to-noise  ratio 
of  the  detector  is  proportional  to  y'Q.  The  largest  possible 
tuning  range  is  achieved  if  the  capacitor  is  implemented  as 
a  high-ratio  tuning  diode  with  no  additional  parasitic  ca¬ 
pacitance.  Hence,  the  drive  switching  diodes  CR1,  CR2, 
and  the  cascode-configured  JFET  Q1  are  chosen  to  min¬ 
imize  parasitic  capacitance.  The  measured  tuning  ranges 
are  consistent  with  a  total  parasitic  capacitance  of  8  pF. 
The  air-core  inductor  L2  is  included  to  isolate  CR3  and  Q1 
from  the  high-amplitude  drive  pulse.  The  diode  array  CR1 
switches  the  drive  pulse  into  the  circuit,  and  CR2  prevents 
the  JFET  Q1  and  the  tuning  diode  CR3  from  becoming  for¬ 
ward  biased.  Therefore,  the  drive  pulse  simply  drives  both 
LI  and  L2  in  parallel.  When  the  drive  pulse  ends,  both  CR1 
and  CR2  turn  off  and  thereafter  contribute  only  a  small  par¬ 


asitic  capacitance,  and  the  resonant  circuit  of  LI,  L2,  and 
CR3  returns  to  full  Q  of  approximately  100.  Since  the  de¬ 
tected  signal  is  very  small,  the  tuning  diode  CR3  bias  can 
be  reduced  all  the  way  to  zero  to  get  the  maximum  capac¬ 
itance  range.  The  circuit  parameters  for  the  normal  field 
and  high  field  probes  are  shown  in  Table  1. 


Table  1:  Probe  parameters 


probe 

normal  field 

high  field 

LI 

5.6 

1.7  fiH 

L2 

2.2  /iH 

0.7  //H 

CR3 

3  x  M  V7404 

MV7404 

C 

K-'min 

35  pF 

18  pF 

fmax 

9.6  MHz 

24.2  MHz 

c 

^ max 

840  pF 

280  pF 

fmin 

1.96  MHz 

6.10  MHz 

The  gain  of  the  preamplifier  depends  on  the  transcon¬ 
ductance  gm  of  Q1  and  the  current  gain  (3  of  Q3,  but  at  low 
frequencies  it  is  typically  >  10.  The  signal  level  increases 
with  frequency,  since  the  greater  magnetic  field  increases 
the  polarization  of  the  water  sample.  Since  the  preampli¬ 
fier  is  located  in  the  magnetic  field  with  the  coupling  coil,  it 
must  be  made  with  substantially  nonmagnetic  components 
to  avoid  corrupting  the  uniformity  of  the  magnetic  field  be¬ 
ing  measured.  This  poses  a  significant  problem,  since  steel 
leads  are  prevalent  in  electronic  components,  particularly 
on  capacitors  and  diodes.  The  preamplifier  was  made  en¬ 
tirely  with  surface  mount  components.  The  transistors  and 
diodes  in  SOT  packages  are  essentially  nonmagnetic.  The 
resistors  and  capacitors  have  nickel  end  caps,  but  the  small 
size  minimizes  the  quantity  of  magnetic  material  and  al¬ 
lows  them  to  be  positioned  well  away  from  the  resonance 
capsule. 

Receiver 

The  spin-echo  signal  is  detected  by  mixing  it  with  a  ref¬ 
erence  frequency  derived  from  an  accurate  frequency  syn¬ 
thesizer.'  Two  channels  with  a  90  degree  phase  difference 
between  the  references  are  used  to  produce  sine-like  and 
cosine-like  IF  (Intermediate  Frequency)  signals.  This  al¬ 
lows  a  signed  beat  frequency  to  be  reconstructed  from  a 
single  measurement,  and  eliminates  the  need  to  sweep  the 
reference  frequency  to  determine  which  side  of  resonance 
it  is  on.  The  receiver  consists  of  resistor-capacitor  filters 
and  common  analog  integrated  circuits.  The  gain  100  unit 
is  a  733  differential  amplifier,  and  the  gain  20  units  are  im¬ 
plemented  with  op-amps.  Since  the  reference  signals  are 
derived  from  a  programmable  logic  circuit,  it  is  simple  to 
gate  them  off  while  the  transmitter  is  active  to  reduce  the 
overload  recovery  time  of  the  op-amps.  The  receiver  block 
diagram  is  shown  in  Figure  3.  The  +8VDC  bias  voltage 
for  the  probe  preamplifier  is  coupled  to  the  signal  input 
through  a  ferrite  choke. 
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Figure  3:  Receiver  block  diagram. 


Transmitter 

The  transmitter  is  shown  in  Figure  4.  The  10  volt 
avalanche  diodes  are  necessary  to  clamp  ringing  when  the 
power  switching  transistors  turn  off.  The  output  is  20V  p-p 
with  a  large  signal  impedance  of  2  Q.  Hence,  the  transmit¬ 
ter  is  capable  of  significantly  higher  output  power  with  a 
suitable  transformer  ratio.  It  is  very  important  to  prevent 
the  reference  carrier  frequency  from  leaking  into  the  drive 
when  the  transmitter  is  off,  as  it  will  capacitively  couple 
through  the  switching  diodes  in  the  probe  and  overload  the 
receiver.  To  this  end,  the  transmitter  should  have  a  power 
supply  that  is  completely  isolated  from  other  RF  circuits. 


Figure  4:  Transmitter. 


Frequency  Synthesizer 

The  absolute  accuracy  of  an  NMR  magnetometer  is  de¬ 
termined  by  the  accuracy  of  the  frequency  synthesizer  ref¬ 
erence  clock.  A  20  MHz  temperature-compensated  crystal 
oscillator  which  is  specified  to  8  x  10  ~6  absolute  accuracy 
over  ten  years  has  been  used.  This  accuracy  level  is  rela¬ 
tively  inexpensive,  and  corresponds  to  approximately  one 
centigauss  in  the  CESR  standard  bend  magnet.  This  os¬ 
cillator  is  used  to  clock  a  direct-digital  synthesizer  which 
produces  sinusoids  up  to  1.8  MHz.  The  sinusoidal  refer¬ 
ence  is  then  converted  to  a  logic  level  and  multiplied  by 
64  using  a  phase-locked  loop  frequency  multiplier  circuit 
similar  to  the  one  used  for  CESR  timing  [3].  The  resulting 
frequency  is  divided  down  in  a  programmable  logic  device 


to  produce  the  sine  and  cosine  reference  signals  and  the 
transmitter  clock  in  the  appropriate  range,  up  to  28.8  MHz 
with  40  Hz  resolution.  This  maximum  frequency  allows 
field  measurements  up  to  6760  gauss. 

Data  Processing 

All  data  processing  is  done  with  a  PIC16C774  8-bit  mi¬ 
crocontroller.  This  unit  includes  a  12-bit  analog  to  digital 
converter  (ADC),  and  with  the  maximum  clock  rate  of  20 
MHz  it  can  digitize  both  IF  signals  at  15  kHz.  Each  IF 
signal  is  sampled  16  times  over  1  ms  at  the  peak  of  the 
spin-echo.  For  each  sample,  the  tangent  of  the  phase  angle 
is  obtained  as  the  quotient  of  the  two  IF  amplitudes,  and 
the  phase  angle  itself  is  obtained  from  a  lookup  table.  Then 
a  linear  least-squares  fit  is  done  to  the  16  phase  measure¬ 
ments,  with  the  beat  frequency  appearing  as  the  slope  of 
the  fit.  Frequency  tracking  is  accomplished  by  shifting  the 
digital  synthesizer  command  by  the  beat  frequency  to  ob¬ 
tain  a  zero-beat  condition.  The  digital  frequency  command 
is  then  reported  as  the  magnetic  field  measurement. 

The  sampling  rate  of  15  kHz  limits  the  tracking  range  to 
±  1 .5  gauss.  Initial  capture  and  recapture  are  accomplished 
by  sweeping  the  synthesizer  over  a  range  of  ±30  gauss 
from  the  last  known  signal,  with  0.5  gauss  steps  between 
measurements.  This  results  in  reliable  resonance  capture 
within  13  seconds. 

RESULTS 

The  instruments  described  were  developed  over  sev¬ 
eral  months  using  common  and  inexpensive  components. 
They  require  programming  with  tuning,  pulse  width,  and 
search  frequency  data  for  the  magnetic  field  to  be  mea¬ 
sured.  However,  having  made  tables  of  suitable  program¬ 
ming  values,  the  instruments  have  been  completely  reliable 
and  attention-free  over  the  entire  working  field  range  of  the 
CESR  bending  magnets. 

When  the  probe  is  tuned  to  resonance,  the  IF  signals  are 
30  dB  above  thermal  and  semiconductor  noise.  The  good 
signal  to  noise  ratio  of  the  spin-echo  method  has  allowed 
the  extension  of  the  measurement  range  well  beyond  the 
probe  tuning  range,  which  has  facilitated  continuous  mag¬ 
netic  history  measurements  of  the  magnet  iron.  The  10  Hz 
measurement  rate  has  revealed  both  random  and  periodic 
noise  in  the  magnet  power  supplies  that  was  not  visible  to 
the  steady-state  NMR  magnetometers  which  were  previ¬ 
ously  employed. 
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REQUIREMENTS  FOR  RF  CONTROL  OF  TTF II FEL  USER  FACILITY 

Valeri  Ayvazyan,  Kay  Rehlich,  Stefan  N.  Simrock,  DESY 


Abstract 

During  the  past  years,  the  experience  gained  with  the  oper¬ 
ation  of  RF  system  at  the  TESLA  Test  Facility  (TTF)[1]  re¬ 
sulted  in  several  modifications  and  improvements  of  its 
design.  In  addition,  as  the  TTF  is  converted  to  become  a 
user  facility  TTF  II  for  the  SASE-FEL  during  2004.  The 
electron  beam  energy  will  be  increased  from  250  MeV/c 
up  to  1  GeV/c  by  installation  of  6  TESLA  cryo-modules. 
The  RF  system  include  4  klystrons,  each  of  them  will  sup¬ 
ply  RF  power  to  group  of  cavities  (rf  gun,  module  1,  mod¬ 
ule  2&3,  module  4,5&6).  This  paper  presents  the 
performance  of  the  digital  RF  control  at  TTF  I,  commis¬ 
sioning/extension  and  features  of  the  RF  control  for  the  up¬ 
grade  of  the  TTF  n. 

1  INTRODUCTION 

At  TTF  I  significant  progress  has  been  made  on  the  issues 
of  pulsed  operation  of  superconducting  cavities  at  high 
gradients  with  respect  to  Lorentz  force  detuning  and  the  as¬ 
sociated  resonant  excitation  of  mechanical  resonances,  mi¬ 
crophonics,  the  transients  induced  by  the  pulsed  beam,  and 
the  control  of  the  vector-sum  of  multiple  cavities  driven  by 
single  klystron. 

Considerable  experience  of  RF  control  at  high  gradients 
close  to  20MV/m  with  pulsed  RF  and  pulsed  beam  has 
been  gained  at  the  TTF.  The  RF  control  system  employs  a 
completely  digital  feedback  system[2]  to  provide  flexibili¬ 
ty  in  the  control  algorithms,  precise  calibration  of  the  vec¬ 
tor-sum,  and  extensive  diagnostics  and  exception  handling 
capabilities.  Presently  under  study  is  a  piezotranslator 
based  active  compensation  scheme  for  the  time  varying 
Lorentz  force  detuning  which  if  successful  will  reduce  RF 
power  requirements  at  gradients  >25MV/m  considerably 
and  provide  improved  field  stability [3] . 

The  requirements  for  amplitude  and  phase  stability  of  the 
vector-sum  a  group  of  cavities  are  driven  by  the  maximum 
tolerable  energy  spread  for  the  TESLA  Test  Facility.  The 
goal  is  an  rms  energy  spread  of  <se/e  =  KT3  .  The  re¬ 
quirements  for  gradient  and  phase  stability  are  therefore  of 
the  order  of  io~3  and  0.3°  respectively. 

The  amplitude  and  phase  errors  to  be  controlled  are  of  the 
order  of  5%  for  the  amplitude  and  20°  for  the  phase  as  a 
result  of  Lorentz  force  detuning  and  microphonics.  These 
errors  must  be  suppressed  by  a  factor  of  at  least  40  which 
implies  that  the  loop  gain  must  be  adequate  to  meet  this 
goal.  Fortunately,  the  dominant  source  of  errors  is  repeti¬ 
tive  (Lorentz  force  and  beam  loading)  and  can  be  reduced 
by  use  of  feedforward  significantly. 


2  RF  CONTROL  PERFORMANCE  FOR 
THE  TTF  I 

Fast  amplitude  and  phase  control  is  accomplished  by  mod¬ 
ulation  of  the  RF  signal  to  the  klystron  which  will  drive 
group  of  cavities.  Digital  I/Q  detectors  are  used  for  the  cav¬ 
ity  field,  and  incident  and  reflected  waves.  The  RF  signals 
are  converted  to  an  intermediate  frequency  of  250kHz  and 
sampled  at  a  rate  of  1MHz  (i.e.two  consecutive  measure¬ 
ments  describe  I  and  Q  of  the  cavity  field).  The  cavity  field 
vector  defined  by  I  and  Q  is  multiplied  by  2x2  rotation  ma¬ 
trices  to  correct  for  phase  offsets  and  to  calibrate  the  gradi¬ 
ents  of  the  individual  cavity  probe  signals.  The  vector-sum 
is  calculated  and  corrected  for  systematic  measurements 
errors.  Finally  the  setpoint  is  subtracted  and  the  compensa¬ 
tor  filter  is  applied  to  calculate  the  new  actuator  setting  (I 
and  Q  control  inputs  to  the  vector-modulator).  Feedfor¬ 
ward  is  added  from  a  table  in  order  to  minimize  the  control 
effort.  The  feedforward  tables  are  adaptively  updated  to  re¬ 
flect  slow  changing  parameters  such  as  average  cavity  de¬ 
tuning,  changes  in  klystron  gain,  phase  shift  in  the 
feedforward  path,  and  general  changes  in  operating  param¬ 
eters.  The  RF  control  system  has  been  completely  integrat¬ 
ed  into  the  TTF  control  system  DOOCS[4].  The  operation 
is  automated  by  the  implementation  of  a  DOOCS  finite 
state  machine  server[5],  which  has  access  to  high  level  ap¬ 
plications.  The  start  up,  restart  and  routine  operation  of 
cryo-modules  are  automated.  The  state  machine  process 
includes  loop  phase  measurement  and  correction,  feedfor¬ 
ward  and  feedback  parameter  adjustment,  beam  loading 
compensation,  calibrations,  and  automatic  fault  recovery. 

The  cavities  at  TTF  I  have  been  routinely  operated  at  a  gra¬ 
dient  of  15MV/m  providing  a  beam  energy  of  250  MeV/c. 
The  requirements  of  for  amplitude  and  phase  stability  have 
been  achieved  with  feedback  only,  the  stability  being  ver¬ 
ified  by  beam  measurements.  The  residual  fluctuations  are 
dominated  by  a  repetitive  component  which  is  further  re¬ 
duced  by  the  adaptive  feed  forward  by  about  one  order  of 
magnitude,  thereby  exceeding  the  design  goals  significant¬ 
ly. 

Despite  the  fact  that  second  bunch  compressor  is  installed 
between  the  two  cryo-modules  all  16  cavities  driven  by  a 
single  klystron.  In  TTF  mode  the  bunch  compressor  was 
by-passed  by  a  straight  section  and  the  vector-sum  of  16 
cavities  was  controlled.  During  FEL  operation  only  the 
vector-sum  of  the  first  8  cavities  was  regulated  in  order  to 
maintain  stable  injection  conditions  into  the  bunch  com¬ 
pressor.  The  cryo-modules  also  were  operated  in  different 
gradients  by  changing  power  balance  between  the  mod- 
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ules.  During  the  last  run  each  cryo-module  was  driven  by 
separate  klystrons  and  each  cryo-module  was  controlled  by 
its  own  feedback  loop.  Cryo-module  1  at  location  ACC2 
(Module  1*)  has  been  tested  at  high  gradient  (close  to 
25MV/m)  with  closed  feedback  loop. 

During  the  initial  start-up  time  the  individual  cavity  gradi¬ 
ents  and  phases  relative  to  the  beam  are  calibrated  using 
beam  induced  transients.  The  phases  of  the  incident  waves 
are  adjusted  to  be  equal  in  all  cavities  by  means  of  motor¬ 
ized  tree  stub  waveguide  tuners.  The  calibration  is  verified 
by  a  measurement  of  the  beam  energy.  The  gradient  cali¬ 
bration  error  was  in  the  range  of  3-5%.  The  measurement 
of  beam  induced  transients  (vectors)  is  shown  in  Figure  1 
as  the  difference  of  the  cavity  field  with  and  without  tran¬ 
sient  during  the  beam  pulse. 


Figure  1:  Measurement  of  beam  induced  transients  at 
Modulel*  a)  before  and  b)  after  adjustment  of  cavities 
phases. 


Lorentz  Force  Detuning  of  Cavity  7  in  Module  1* 


Figure  2:  Lorentz  force  detuning  measurement  at  Module 
1*  at  high  gradient  for  different  fiat-top  duration. 


In  Figure  2  the  data  shows  the  cavity  detuning  as  a  function 
of  gradient  for  different  times  during  the  flat-top.  While  the 
symbols  reflect  the  actual  measurement  data,  the  curves  are 
extrapolated  to  30  MV/m  using  a  second  order  polynomial. 
The  Lorentz  force  parameter  is  different  for  different  cav¬ 


ities.  The  high  degree  of  field  stability  is  mainly  due  to  the 
low  microphonic  noise  levels.  The  microphonic  noise  lev¬ 
els  of  the  cavities  are  less  then  10Hz  rms. 

3  RF  CONTROL  REQUIREMENTS 

The  requirements  for  the  RF  control  system  are  usually  de¬ 
fined  in  terms  of  phase  and  amplitude  stability  of  the  accel¬ 
erating  field  during  the  flat-top  portion  of  the  RF  pulse.  In 
addition  operational  demands  may  impose  further  needs  on 
the  design  of  the  RF  control  system. 

3 . 1  Amplitude  and  Phase  Stability 

The  requirements  for  the  RF  control  system  are  derived 
from  the  desired  beam  parameters  such  as  bunch-to-bunch 
and  pulse-to-pulse  energy  spread.  The  beam  parameters 
can  be  translated  in  to  the  requirements  for  phase  and  am¬ 
plitude  of  the  accelerating  field  of  individual  cavities  or  the 
vector-sum  of  several  cavities  driven  by  one  klystron.  TTF 
II  requires  tight  field  control  of  the  order  of  0.1%  for  the 
amplitude  and  0.3°  for  the  phase.  Additional  requirements 
are  imposed  on  the  accuracy  of  the  calibration  of  the  vec¬ 
tor-sum  which  must  be  of  the  order  of  10%  for  amplitude 
and  1%  for  phase  in  presence  of  +-10%  microphonics. 
More  issues  that  need  to  be  considered  are: 

•  Control  of  the  cavity  resonance  frequency.  Here  the 
critical  issue  is  the  precise  measurement  of  the  cavity 
detuning  which  can  be  derived  from  the  relationship 
of  incident  and  reflected  wave  or  especially  attractive 
in  the  pulsed  case  from  the  slope  of  the  phase  during 
decay  of  the  cavity  field  following  the  RF  pulse. 

•  Excitation  of  other  passband  modes  by  generator  and 
beam.  This  is  especially  critical  if  harmonics  of  the 
beam  coincide  with  other  passband  frequencies.  Also 
field  detectors  may  not  detect  the  actual  field  seen  by 
the  beam. 

•  Operation  close  to  klystron  saturation  will  result  in 
strong  dependency  of  loop  gain  with  klystron  output 
power. 

•  The  phase  of  the  incident  wave  (and  loaded  Q)  of  each 
cavity  must  be  controllable  by  means  of  remotely 
controlled  wave  guide  tuners  or  phase  shifters. 

•  Exception  handling.  In  case  of  interlock  trips  or 
abnormal  operating  conditions  (wrong  loop  phase  or 
completely  detuned  cavity)  the  control  system  must 
ensure  safe  procedures  to  protect  hardware  and  avoid 
unnecessary  beam  loss. 

3.2  Operational  Requirements 

The  RF  control  system  must  be  operable,  reliable,  repro¬ 
ducible,  well  understood  and  meet  technical  performance 
goals.  Besides  field  stabilization  the  RF  control  system 
must  provide  diagnostics  for  the  calibration  of  gradient  and 
beam  phase,  measurement  of  the  loop  phase,  cavity  detun¬ 
ing,  and  control  of  the  cavity  frequency  tuners.  Exception 
handling  capability  must  be  implemented  to  avoid  unnec¬ 
essary  beam  loss.  Features  such  as  automated  fault  recov- 
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ery  will  help  to  maximize  accelerator  up-time.  A  thorough 
understanding  of  the  RF  system  will  allow  for  operation 
close  to  the  performance  envelope  while  maximizing  ac¬ 
celerator  availability.  Often  the  RF  control  must  be  fully 
functional  over  a  wide  range  of  operating  parameters  such 
as  gradients  and  beam  current.  For  efficiency  reasons  the 
RF  system  should  provide  sufficient  control  close  to 
klystron  saturation. 

The  cavities  are  limited  in  their  maximum  operable  gradi¬ 
ents  by  quench,  field  emission  or  coupler  sparks.  Maxi¬ 
mum  operable  gradient  can  be  achieved  with  proper 
exception  handling. 

A  cavity  quench  results  in  several  effects: 

•  Field  breakdown  as  shown  in  Figure  3  and  resulting 
change  in  beam  energy  gain  if  the  regulation  of  vec¬ 
tor-sum  cannot  be  maintained. 

•  Increase  in  cryogenic  heatload. 

•  Increase  in  incident  power  to  couplers  and  cavities  if 
feedback  gain  is  high  and  subsequent  increased 
chance  of  coupler  sparks  and  quench/field  emission  in 
other  cavities  due  to  increase  of  gradient.  The  beam 
energy  may  be  constant  if  sufficient  power  is  availa¬ 
ble.  If  cavities  are  operated  in  feed  forward  mode 
only,  the  energy  gain  of  the  beam  will  drop  especially 
towards  the  end  of  the  pulse. 

I  MU/ih  I  ,v-.<-.2  ,:.,v  ft  Pi-Ot—  Aim i j  I  . 


Figure  3:  Quench  detection  during  high  gradient  run  at 
Module  1*. 

Several  measures  can  be  taken  to  avoid  cavity  quench  and 
to  achieve  desired  stability: 

•  Turn-off  klystron  if  cavity  or  coupler  fault  occurs. 

•  Reduce  gradient  in  rf  station  where  fault  occurs. 

•  Reduce  pulse  length  (rf  and  beam)  if  fault  occurs. 

•  Detune  cavity  in  which  fault  occurs. 

•  Change  loaded  Q  of  cavity  in  which  fault  occurs. 

The  mentioned  task  requires  fast  quench  detection  mecha¬ 
nism  which  can  be  implemented  by  including  detuning  and 
loaded  Q  measurement  within  DSPs. 

33  Diagnostics 

Diagnostics  are  required  for  calibration  of  gradient  and 
phase  with  respect  to  beam,  loop  phase,  incident  wave  and 
reflected  wave,  cavity  detuning,  loaded  Q,  etc. 


•  Loop  Phase.  The  loop  phase  is  determined  during 
open  loop  operation  by  comparison  of  the  vector  con¬ 
trolling  the  actuator  and  the  field  vector  induced  in 
the  cavity. 

•  Gradient  and  phase.  Initial  coarse  calibration  with  RF, 
precise  calibration  with  beam  induced  transients. 

•  Detuning  and  loaded  Q.  During  decay  of  the  cavity 
field  the  slope  of  gradient  and  phase  (with  respect  to 
master  oscillator)  determine  detuning  and  loaded  Q. 

4  CONCLUDING  REMARKS 

TTF I  RF  system  was  operational  more  then  two  years  with 
a  basic  state  machine  for  automated  operation.  Pulsed  op¬ 
eration  of  superconducting  cavities  has  been  successfully 
demonstrated  and  has  proven  that  the  phase  and  amplitude 
stability  requirements  can  be  meet  even  in  the  case  of  con¬ 
trol  of  the  vector-sum  of  multiple  cavities. 

The  future  developments  will  be  able  to  make  use  of  ad¬ 
vances  in  electronics.  Faster  DSPs  reduce  latency  and  al¬ 
low  more  complex  algorithms.  Phase  and  gradient 
calibration  based  on  beam  induced  transient  can  be  im¬ 
proved  to  detect  small  transients  with  high  precision  there¬ 
by  reducing  beam  loss  in  the  accelerator  when  phasing  the 
linac. 

The  future  development  plans  includes:  implement  fast 
quench  detection  mechanism  by  including  detuning  and 
loaded  Q  measurement  within  DSPs;  exception  detection 
capability  for  individual  cavities;  extensive  upgrade  of  fi¬ 
nite  state  machine  by  implementation  of  automatic  cavity/ 
module  tuning  procedure  and  automated  waveguide  tuner 
control;  develop  robust  and  fast  algorithm  for  adaptive 
feed  forward;  improve  hardware  diagnostic  system  by  in¬ 
tegrating  diagnostic  system  within  operational  programs. 
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ANTIPROTON  STACKING  AND  UN-STACKING  IN 
THE  FERMILAB  RECYCLER  RING* 
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FNAL,  Batavia,  IL  60510,  USA 


Abstract 

The  Fermilab  Recycler  Ring  (RR)  is  intended  to  be  used 
as  a  future  antiproton  storage  ring  for  the  Run  II  proton- 
antiproton  collider  operation.  It  is  proposed  that  about 
40mA  of  antiproton  beam  from  the  Accumulator  Ring 
will  be  transferred  to  the  Recycler  once  for  every  two  to 
three  hours,  stacked  and  cooled.  This  operation  continues 
for  about  10  to  20  hours  depending  on  the  collider  needs 
for  antiprotons.  Eventually,  the  cooled  antiproton  beam 
will  be  un-stacked  from  the  Recycler  and  transferred  to 
the  Tevatron  via  the  Main  Injector.  We  have  simulated 
stacking  and  un-stacking  of  antiprotons  in  the  Recycler 
using  multi-particle  beam  dynamics  simulation  code 
ESME  [1],  In  this  paper  we  present  results  of  these 
simulations. 


INTRODUCTION 

Fermilab  has  planned  to  use  the  Recycler  [2]  as  the 
main  antiproton  storage  ring  in  future.  The  primary  goal 
of  the  Recycler  is  to  stack  in  access  of  200E10 
antiprotons,  cool  and  transfer  to  the  Tevatron  for  proton- 
antiproton  collider  operation.  The  stacking  of  the 
antiprotons  in  the  Recycler  is  carried  out  on  several 
transfers  over  10-20  hrs  by  extracting  them  from  the 
Accumulator  Ring.  Every  transfer  takes  place  whenever 
the  stack  size  in  the  Accumulator  Ring  is  above  about 
40E10.  As  and  when  it  is  needed,  the  antiprotons  in  the 
Recycler  will  be  un-stacked  in  the  form  of  thirty-six 
2.5MHz  low  emittance  intense  bunches  and  sent  to  the 
Tevatron  via  the  Main  Injector.  Both  stacking  and  un¬ 
stacking  of  the  antiprotons  in  the  Recycler  Ring  involve 
complicated  sequences  of  rf  manipulations  like  de- 
bunching/re-bunching,  squeezing/un-squeezing,  cogging, 
merging/slicing  of  the  beam.  These  rf  manipulations 
should  be  carried  out  in  adiabatic  fashion  to  retain 
emittance. 

In  this  paper  we  present  longitudinal  beam  dynamics 
simulations  for  the  stacking  and  un-stacking  of  the  anti¬ 
protons  in  the  Recycler.  The  simulations  have  been 
carried  out  with  an  emphasis  on  preservation  of 
longitudinal  emittance  at  every  stage  of  the  rf 
manipulation.  The  simulations  have  been  carried  out 
using  a  2D-multi-particle  beam  dynamics  Monte  Carlo 
code  ESME  [1]. 

The  Recycler  is  an  8  GeV  proton/antiproton 
synchrotron  and  its  lattice  is  very  similar  to  that  of  the 
Main  Injector  [3].  The  slip  factor  of  the  Recycler  is  about 
-0.0086  and  the  harmonic  number  h  =  28  (for  2.5MHz  rf 
system).  All  beam  manipulations  in  the  Recycler  are 
carried  out  using  a  broad-band  rf  system  [4]  which  can 


produce  barrier  buckets  of  any  shape.  We  use  barrier 
buckets  made  of  rectangular  rf  pulses  (max.  pulse 
height=2  kV  and  width  =  0.908psec)  to  store  the  beam. 
An  efficient  rf  control  system  has  been  developed  [5]  to 
perform  all  of  the  rf  manipulations.  Presently,  the 
Recycler  is  being  commissioned  using  the  proton  beam 
from  the  Fermilab  8  GeV  Booster.  We  also  had  several 
antiproton  stores  in  the  Recycler. 

SIMULATIONS 

The  simulations  were  carried  out  in  two  steps.  The  first 
step  involves  an  optimization  of  individual  process  like 
de-bunching  of  the  2,5MHz  bunches  in  a  barrier  bucket, 
re-bunching  in  to  2.5MHz  buckets,  squeezing,  etc.  For 
example,  to  study  the  de-bunching  process  a  train  of  four 
2.5MHz  bunches  are  injected  in  to  matched  buckets  of  the 
Recycler  which  are  bounded  by  a  barrier  bucket  of  pulse 
gap  of  1 .59  psec.  Next,  we  optimize  the  rate  at  which  the 
2.5MHz  bucket  is  brought  down  from  2kV  to  O.OkV  and 
how  it  is  brought  down  -  suddenly,  linearly  or 
adiabatically.  As  we  expected,  by  turning  off  the  2.5MHz 
rf  voltage  suddenly  gave  largest  emittance  growth.  On  the 
other  hand,  a  truly  adiabatic  process  is  less  practical.  An 
iso-adiabatic  de-bunching  is  developed  by  combining 
three  linear  processes  in  succession.  At  present,  in  the 
Recycler,  we  adopt  a  similar  de-bunching  technique  by 
bringing  down  the  2.5MHz  rf  voltage  from  2  kV  to  1  kV 
in  5  sec,  from  1  kV  to  0.5  kV  in  the  next  5  sec  and  take  10 
sec  to  go  down  from  0.5  kV-to  0.0  kV.  Thus  we  take 
about  20  sec  for  the  entire  de-bunching  process.  A  similar, 
but  reverse  procedure  is  adopted  for  re-bunching.  Our 
simulations  suggested  that  we  can  reduce  the  de-bunching 
and  re-bunching  time  at  least  by  a  factor  of  two  in  the 
operation  without  any  emittance  dilution  by  bringing 
down  the  rf  voltage  from  2kV  to  lkV  in  2  sec,  lkV  to 
0.5kV  in  next  two  second  and  0.5kV  to  0  kV  in  the  final  4 
sec.  These  simulation  results  have  been  verified  using 
beam  measurements. 

Figure  1  shows  simulated  wall  current  monitor  data 
(with  a  relative  normalization)  and  a  data  from  a  beam 
measurement.  The  figure  l(a)-(c)  show  a  case  for  four 
2.5MHz  bunches  of  beam  in  the  Recycler  de-bunched  in  8 
sec  and  re-bunched  in  8  sec.  The  corresponding  wall 
current  monitor  data  is  shown  in  figure  1(d).  The  beam 
data  show  that  the  bunch  lengths  before  and  after  de- 
bunching  are  the  same  within  a  few  percent. 

Similar  simulations  are  performed  for  different 
processes  to  establish  optimum  operational  conditions. 

The  second  step  involves  the  simulations  of  the  entire 
process  of  stacking  and  un-stacking  of  the  beam. 
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Figure  1.  Results  of  ESME  simulations  of  wall  current 
monitor  data,  (a)  The  beam  at  injection  in  the  2.5MHz 
buckets,  (b)  De-bunched  in  8  sec,  (c)  Re-bunched  in  8  sec 
as  explained  in  the  text,  (d)  Wall  current  monitor  data 
taken  during  a  beam  experiment  for  similar  conditions. 
The  measured  bunch  lengths  before  de-bunching  and  after 
re-bunching  are  essentially  the  same. 

Stacking  of  Pbars 

Figures  2  and  3  show  the  simulations  of  the  entire 
stacking  sequence  for  three  transfers.  Fig.  2(a)  shows  the 
injection  of  four  2.5MHz  bunches  into  the  Recycler. 
These  bunches  are  de-bunched  and  are  squeezed 
symmetrically  in  a  barrier  bucket  by  moving  the  upstream 
and  the  downstream  barrier  pulses  towards  the  center  of 
the  barrier  bucket  in  about  5.25  sec.  We  used  a  linear  cog 
rate  of  the  barrier  pulse=4.89deg/sec.  The  phase-space 
distribution  of  the  beam  particles  and  its  projection  on  the 
0-axis  after  squeeze  are  shown  in  Fig.  2(e)  and  2(f), 
respectively.  Before  the  injection  of  the  new  group  of 
four  bunches  the  squeezed  beam  bunch  is  moved  to  a  new 
location  using  the  same  cog  rate  (see  figure  2(g)). 

Similar  procedure  is  repeated  for  the  2nd  and  3rd 
transfers.  A  special  care  is  taken  while  merging  the  new 
transfer  with  the  old  stack.  Here  we  have  investigated  two 
methods  of  merging.  In  the  first  method,  we  simply  cog 
the  second  set  of  fully  squeezed  bunch  towards  the  old 
stack.  As  the  head  of  the  moving  bucket  interferes  with 
the  tail  of  the  old  bucket,  the  — ve  and  +ve  barrier  pulses 
start  canceling  one  another  at  the  same  time  they  produce 


an  increasing  non-stable  region  between  them  which 
produces  a  void  in  the  phase-space  area  of  the  final  stack. 
In  the  second  method,  the  merging  of  the  stacks  involves 
two  steps:  1)  Bring  two  buckets  as  close  as  possible  and 
reduce  the  barrier  pulse  heights  adiabatically  to  zero 
voltage  as  shown  in  figure  3(a)  and  (c),  2)  Squeeze  the 
final  stack  to  get  proper  dp/p.  The  simulation  suggested 
that  the  1st  method  introduces  a  hallow  in  the  middle  of 
the  (AE,  A0)-space  of  beam  particle  for  the  final 
distribution  resulting  in  a  small  emittance  dilution.  On  the 
other  hand  the  2nd  method  gives  rise  to  smaller  emittance 
growth. 


Figure  2.  ESME  simulations  of  the  beam  stacking  in  the 
Recycler.  The  figures  (a),  (c),  (e)  and  (g)  show  (AE,  A0)- 
phase  space  distributions  of  beam  particles.  The  figures 
on  right  show  their  projections  on  0  -  axis  (equivalent 
time  coordinate). 

In  our  simulations,  we  have  used  a  rate  of 400  V/sec  for 
reducing  the  barrier  pulse  voltage  in  figure  3(c)  and  after 
merging  of  new  transfers  the  final  stack  is  squeezed  by 
41.6deg  to  get  dp/p  for  final  stack  to  be  same  as  that  of 
bunches  shown  in  figure  3(a).  Before  injecting  the  next 
group  of  four  2.5MHz  bunches  the  final  stack  of  the  beam 
is  cogged  by  71degs  so  that  the  new  injection  barrier 
bucket  can  be  grown  at  the  same  azimuthal  location  of  the 
Recycler.  We  find  that  stacking  of  a  new  injection  can  be 
performed  in  about  33  sec  with  out  any  emittance  growth 
(compare  this  with  105  sec  scenario  which  is  in  use  at  the 
Recycler).  Note  that,  the  simulation  does  not  include  any 
rf  noise  or  any  other  un-wanted  mechanism  which  would 
give  rise  to  emittance  dilutions. 
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Figure  3.  ESME  simulations  to  illustrate  a  way  of 
merging  two  stacks  (particularly  see  (c)  and  (d)).  (e)  and 
(f)  illustrate  a  new  injection. 


Unstacking  of  Antiprotons 

For  the  simulations  of  unstacking  of  the  beam  we  start 
with  the  final  distribution  produced  from  the  previous 
stacking  simulations.  The  sequences  are  essentially 
reversed.  The  entire  process  of  beam  unstacking  is  shown 
in  Figures  4  and  5.  Simulations  predicted  <5%  emittance 
growth. 

In  summary,  we  have  carried  out  simulations  for  both 
stacking  and  un-stacking  of  antiprotons  in  the  Recycler  to 
establish  better  operating  conditions.  We  find  that  the  total 
time  required  for  a  beam  stacking  sequence  is  about  33 
sec,  which  is  about  a  factor  of  three  smaller  than  the 
present  operating  scenario  in  use.  Special  attention  should 
be  given  to  cog  rate  of  the  barrier  pulses  and  buckets.  A 
cog  rate  of  4.89  deg/sec  gives  <5%  emittance  growth.  We 
plan  to  test  these  results  using  the  beam  in  the  Recycler. 

The  author  would  like  to  thank  Jim  MacLachlan  and 
John  Marriner  for  many  useful  discussions  in  the  course 
of  this  work. 
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Abstract 

At  the  Fermilab  Recycler  Ring  (RR),  the  antiproton  (pbar) 
beam  will  be  stored  azimuthally  in  different  segments 
created  by  barrier  buckets.  The  beam  in  each  segment 
may  have  widely  varying  intensities.  We  have  developed 
a  gated  integrator  system  to  measure  the  beam  intensity  in 
each  of  the  barrier  bucket.  Here  we  discuss  the  design  of 
the  system  and  the  results  of  beam  measurements  using 
the  integrator. 

INTRODUCTION 

Equipped  with  a  wide-band  RF  system  to  create  barrier 
buckets  of  any  shape,  the  Fermilab  RR[1]  is  an  8GeV 
permanent  magnet  antiproton  storage  ring.  These  barrier 
pulse[2]  have  a  2kV  pulse  height  and  a  908nsec  pulse 
width  (48,  53  MHz  RF  buckets).  Furthermore,  the 
positions  of  the  barrier  pulses  are  determined  by  RR 
LLRF  arbs  settings[3].  Consequently,  during  stacking  and 
un-stacking  of  the  beam  (protons  or  anti-protons),  they 
are  moving  but  are  fixed  during  cooling. 

The  Gated  Current  Integrator  (GCI)  measures  the 
proton  and  antiproton  beam  intensity  in  RR  barrier 
buckets  during  stacking,  un-stacking,  and  storage.  GCI 
aims  to  accommodate  an  intensity  range  of  1E10  to  4E12, 
with  10%  or  better  accuracy  at  the  lower  limit  and  2%  or 
better  at  the  higher  limit. 

GCI  SYSTEM  ARCHITECTURE 

The  GCI  system  prototype  integrates  the  total  area 
under  a  gated  wall  current  monitor  (WCM)  signal  to 
determine  the  beam  intensity.  Essentially,  the  system  can 
be  divided  into  five  basic  modules.  The  first  three  are 
shown  below. 


Figure  1  :  First  3  stages  of  GCI  system  prototype 
The  first  stage  receives  a  WCM  signal  transmitted  over 

*  Work  supported  by  the  Universities  Research  Assoc.,  Inc., 
under  contract  number  DE-AC02-76CH03000  with  the  US 
Dept,  of  Energy 


twin-ax  cable.  This  signal  passes  through  a  common¬ 
mode  choke  to  filter  any  additive  noise  induced  over  the 
transmission  lines,  an  impedance  matching  network  to 
handle  cable  termination  and  reflections,  and  then  a 
differential  receiver  amplifier.  This  differential-to-single- 
ended  amplifier  is  characterized  to  have  a  high  common¬ 
mode  rejection  ratio  (70dB  @10MHz).  This  minimizes 
the  corruption  by  external  noise  sources  or  crosstalk.  The 
amplifier  also  has  tuneable  gains  to  adjust  for  losses  in  the 
transmission  lines  or  for  different  full-scale  intensity 
ranges. 

The  second  stage  addresses  the  slow  drifting  baseline 
shift  of  the  WCM  signal.  It  is  composed  of  a  sample-and- 
hold  (S/H)  amplifier  and  a  differential  amplifier.  Due  to 
the  rise  and  fall  characteristics  of  the  barrier  buckets’ 
separation,  250  nsec  is  needed  to  acquire  and  sample  the 
baseline  between  integrations.  Further,  the  S/H  amplifier 
is  characterized  with  a  slow  0.02pV/ps  droop  rate, 
allowing  the  sampled  baseline  to  be  held  steadily.  Once 
sample,  the  baseline  is  subtracted  from  the  original  WCM 
signal  using  a  differential  amplifier.  The  differential  input 
range  of  the  differential  amplifier  must  accommodate 
differences  between  peaks  in  the  beam  bunches  and  the 
baseline. 

Next,  this  baseline-corrected  signal  is  feed  into  the 
integrator  in  a  switched-capacitor  configuration.  The  time 
constant  determined  by  the  feedback  resistor  and 
capacitor  needs  to  be  much  greater  than  the  typical  gate 
width.  This  minimizes  the  intrinsic  exponential  droop 
error  of  non-ideal  integrators  during  the  hold  state.  In 
addition,  errors  due  to  noise  also  vary  proportionally  to 
the  square  root  of  the  gate  width.  Serving  as  an  input 
buffer  to  the  A/D  converter,  this  amplifier  has  a  fast 
settlings  time  (90nsec  to  0.1%)  as  well  as  a  high  slew  rate 
(230V/usec  uncompensated). 

The  integrated  signal  is  then  passed  to  the  next  stage, 
where  is  it  converted  to  a  digital  16-bit  equivalent  (A/D) 
and  then  back  to  analog  (D/A).  With  a  250  kHz  sampling 
rate,  the  A/D  acquisition  and  conversion  time  is  at  most 
4psec.  The  16-bit  D/A  has  a  bipolar  output  rate  of +10V 
and  has  a  typical  settling  time  for  1  LSB  step  is  2.5psec. 

Finally,  the  output  analog  signal  is  put  through  a  non¬ 
inverting  unity  operational  amplifier.  This  low  noise  op- 
amp  has  a  maximum  offset  voltage  drift  of  0.1p/°C  and  a 
maximum  offset  voltage  of 25pV  at  25°C.  This  eliminates 
the  need  of  external  offset  voltage  adjustments  and 
increases  system  accuracy  over  temperature. 
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Figure  2  :  Timing  schematic  for  various  gates 

The  GCI  system  prototype  requires  a  set  of  digital 
signals  from  the  control  system:  S/H  Gate,  Integrator- 1, 
and  Integrator-2.  Timing  schematic  for  various  gates  used 
in  RR  relative  to  the  barrier  rf  signals  and  the  beam  pulse 
are  shown  in  figure.  1. 

S/H  Gate  is  a  high  pulse  trigger  control  and  decides 
when  to  sample  the  baseline.  Though  it  is  independent  of 
the  other  two  signals,  it  is  best  to  sample  the  baseline  just 
when  the  integrator  is  resetting  before  integration.  This 
will  minimize  the  droop  during  the  hold  mode  of  the  S/H 
amplifier. 


Figure  3  :  WCM  beam  signals  and  various  gates 


Integrator- 1  and  Integrator-2,  both  high  pulses,  together 
control  an  adjustable  integration  window.  The  rising  edge 
of  Integrator- 1  provides  the  beginning  of  the  beam 
integration  while  the  rising  edge  of  Integrator-2  marks  the 
stop  of  the  beam  integration.  This  resulting  gate  triggers  a 
Altera  FLEX  10K  field  programmable  gate  array  (FPGA) 
to  generate  signals  controlling  the  switching  action  for 
the  integrator’s  three  modes:  INTG,  which  lasts  as  long  as 
the  gate,  HOLD,  which  is  after  INTG  lasting  the  duration 
for  the  A/D  conversion,  and  then  RESET,  occurring 
between  HOLD  and  the  next  INTG 


A  timing  circuit  is  also  programmed  into  the  FPGA  to 
generate  the  correct  handshaking  signals  needed  to 
coordinate  the  A/D  and  D/A  conversions. 

Figure  3  shows  the  scope  picture  during  setting  up  of 
various  gates  to  measure  the  integrated  injected  beam  in 
to  the  Recycler  Ring.  The  data  shown  here  is  for  four 
2.5MHz  bunches  at  the  time  of  injection. 

GATE  SETTINGS  IN  RR 

Exact  positions  of  various  GCI  gates  are  highly  critical 
for  accurate  beam  intensity  measurements  in  RR.  The  RR 
many  have  pbar  beam  in  three  different  regions  as  shown 
in  figure  4  with  different  energy  spreads.  Besides,  for 
optimum  use  of  the  RR  azimuth  space,  two  barrier  pulses 
may  be  back  to  back  during  storage  of  the  beam.  This 
requirement  demands  that  the  ON  of  S/H-gate  must  align 
with  beginning  of-ve  barrier  pulse  as  shown  in  figure  2. 
The  ON  of  Ingetrator-1  is  set  at  250ns  (minimum  width 
of  S/H-gate)  from  the  beginning  of  the  barrier  pulse.  This 
implies  that  the  present  GCI  system  is  capable  of 
measuring  the  intensity  for  a  beam  with  maximum 
AE<30.6MeV(assuming  the  beam  is  contained  in  a 
rectangular  barrier  of  2kV  pulse  height  and  908ns  pulse 
width). 


Figure  4  :  A  typical  RR  beam  segments.  RF  wave  (top 
trace)  and  beam  segments  (bottom  trace). 

CALIBRATION  AND  BE  AM 
MEASUREMENTS 

The  GCI  system  is  calibrated  by  two  methods.  The  first 
calibration  is  carried  out  on  a  test  stand  using  an  external 
current  source  and  the  corresponding  response  is 
measured. 

Further  calibration  is  done  by  recording  the  GCI 
response  as  a  function  of  the  Recycler  Ring  DCCT  for 
the  beam  in  barrier  bucket  of  fixed  size.  The  beam 
intensity  measured  using  DCCT  is  known  to  better  than 
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0.5%.  The  correlation  between  DCCT  output  and  the  GCI 
output  is  shown  in  figure  5. 

We  have  also  recorded  the  GCI  response  as  a  function 
of  DCCT  for  varied  barrier  bucket  width.  This 
distribution  found  to  be  flat  for  a  fixed  amount  of  beam. 


RR  GCI  Calibration 


In  future  we  plan  use  more  than  one  GCI  systems  in 
the  RR  to  measure  the  stored  beam  in  more  than  one 
barrier  buckets  and  the  beam  in  the  extraction  region.  This 
would  help  us  to  measure  the  injection  and  extraction 
efficiencies. 

A  device  similar  to  this  was  used  to  make  first 
measurements  of  longitudinal  emittance  of  the  beam  in 
the  RR  barrier  buckets[4]  by  reducing  the  barrier  pulse 
height  until  the  beam  area  matches  with  that  of  bucke 
area.  The  GCI  is  used  to  find  out  when  the  beam  start 
leaking  out  of  the  barrier  bucket.  The  results  of  these 
measurements  lead  to  further  investigation  of  the  Main 
Injector  ramp  induced  longitudinal  emittance  growth  of 
the  Recycler  beam. 

Our  special  thanks  are  due  to  J.R  Marriner  for  his 
inputs  and  many  useful  discussions  during  the  course  of 
this  work.  We  also  would  like  to  thank  Dallas  Heikkinen 
for  his  help. 
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Abstract 

As  a  part  of  the  Photon  Factory  Advanced  Ring  (PF- 
AR)  upgrading  project,  the  control  system  is  upgraded. 
Considering  the  importance  to  realize  the  seamless 
operation  between  PF-AR,  injector  linac  and  KEKB,  we 
decided  to  adopt  EPICS  as  a  basis  of  the  control  system. 
The  old  control  system  of  the  PF-AR  was  based  on  the 
HIDIC  mini-computer  system  and  the  CAMAC  was  used 
as  a  field-bus.  In  order  to  minimize  the  cost  and  the  work 
of  renewal,  we  didn't  change  the  device  interface  layer 
below  CAMAC.  A  total  of  13  EPICS  Input/Output 
controllers  (IOCs)  are  used  to  replace  HIDIC  mini 
computers,  and  we  use  the  VME  modules  such  as 
CAMAC  crate  controller,  GPIB  interface  and  the  timing 
synchronization  module.  The  ARCNET  driver  modules 
are  also  used  mainly  for  the  control  of  magnet  power 
supplies.  For  the  archiving  of  accelerator  parameters,  we 
use  Channel  Archiver,  which  is  one  of  the  EPICS 
extensions.  We  have  also  renewed  the  accelerator  safety 
control  system  using  the  PLC. 

INTRODUCTION 

The  PF-AR,  6.5  GeV  electron  storage  ring  for  pulsed 
X-rays,  was  originally  constructed  as  an  injection  booster 
to  TRISTAN  main  ring,  and  had  also  been  used  as  a 
synchrotron  radiation  source  during  the  intervals  of 
injection  to  the  TRISTAN.  The  upgrading  project  of  PF- 
AR  [1]  which  intended  to  reconstruct  the  ring  as  the  SR 
light  source  was  successfully  finished  as  shown  in  these 
proceedings  [2].  Replacement  of  the  control  system  with 
the  system  reliable  and  easy  for  machine  operation  was 
the  part  of  the  project. 

DESIGN  CONCEPT 

General  Description 

In  the  standard  model  of  the  accelerator  control,  the 
system  can  be  classified  into  three  layers:  device  interface 
layer,  equipment  control  layer  and  presentation  layer. 
Figure  1  show  the  old  control  system  based  on  HIDIC 
mini-computer  system  which  had  been  used  as  the 
TRISTAN  control  system  [3],  In  this  system,  device 
interface  layer  which  consists  of  a  large  number  of 
CAMAC  modules  were  used  for  input/output  signal 
processing.  In  order  to  minimize  costs  and  works  of  the 
replacement,  device  interface  layer  under  CAMAC  had 
not  been  changed.  Because  the  seamless  operation 
between  PF-AR,  linac  and  KEKB  is  important,  we  adopt 
EPICS  [4]  to  realize  it.  We  replaced  the  HIDIC  mini¬ 
computer  system  with  EPICS  Input/Output  Controller 


(IOC).  The  equipment  control  layer  and  the  presentation 
layer  upgraded  using  today’s  standard  technologies. 


Figure  1:  AR  control  system  before  the  improvement 
(TRISTAN  control  system).  “OP”  denotes  the  HIDIC 
mini-computers  for  control  of  operator  console. 


Figure  2:  AR  control  system  after  the  improvement. 


Device  Interface  Layer 

We  use  several  kinds  of  field  busses  such  as  CAMAC, 
RS232,  GPIB  and  ARCNET.  The  CAMAC  modules  are 
mainly  used  in  many  groups  such  as  RF,  Beam  Transport 
(BT)  and  Beam  Monitor  (BM).  In  these  groups,  the 
existing  CAMAC  serial  highway,  which  has  a  data 
transmission  rate  of  2.5Mbps,  are  fully  used.  Many  kind 
of  common  CAMAC  modules  were  developed  for 
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TRISTAN.  For  example,  we  use  ADC,  DAC,  status  input 
gate  (SIG),  status  output  register  (SOR)  and  input/output 
register  (AIO).  We  did  not  create  a  new  CAMAC  module 
but  only  re-calibrate  or  repair  the  broken  modules. 
ARCNET  is  used  to  control  the  magnet  power  supplies. 
We  use  the  same  power  supply  control  interface  module 
(PSICM)  as  KEKB[5]. 

Programmable  logic  controllers  (PLCs)  are  used  for 
vacuum  control  system[6]  and  for  the  accelerator  safety 
interlock  system.  Status  of  PLC  is  transferred  to  the  CPU 
board  of  EPICS  IOC  via  RS232C.  We  don’t  control  the 
PLC  from  IOC  (read-only). 

We  need  to  control  some  GPIB  equipments  such  as 
digital  voltmeters,  signal  generators  or  oscilloscopes.  In 
TRISTAN  control  system,  CAMAC-GPIB  board 
controlled  the  GPIB  device.  We  decided  not  to  use  them. 
Mainly,  we  use  VME-GPIB  controller  board  (National 
Instruments,  NI-1014)  or  LAN-GPIB  interface  (Agilent 
Technologies,  E2050A).  Driver  and  device  support  for 
EPICS  was  developed  by  BESSY[7], 

Equipment  Control  Layer 

The  location  of  IOCs  distribute  at  four  sub  control 
buildings  and  the  main  control  building.  A  total  of  13 
IOCs  are  used  for  PF-AR  and  connected  through  FDDI 
network.  Each  IOC  consists  of  VME  subrack,  CPU  board 
(Power  PC  750,  64MB  memory),  CAMAC  Serial 
Driver(VSD  2992),  remote  access  server  module 
(Mitsubishi  Electric,  DRSJ-01),  etc.  Some  IOC  contains 
the  GPIB  interface  board.  Two  IOCs  for  magnet  control 
equip  the  event  trigger  module  (EVR)  which  is  used  to 
synchronize  the  trigger  of  acceleration^]. 

A  new  UNIX  server  workstation  was  installed  for  PF- 
AR,  and  the  machine  is  also  used  for  KEKB  operation. 
The  specification  of  the  workstation  is  as  follows:  2  CPU, 
440MHz  PA-8500  processor,  1GB  memory,  3606* 
system  disk,  100GB  external  RAID  disk,  HP-UX  11 
operating  system.  On  the  other  hand,  the  SAD  [9]  cluster 
machines  are  extensively  used  for  the  modelling  or 
controlling  of  PF-AR.  A  number  of  software  was  already 
developed  for  KEKB  operation.  Some  of  them  were  used 
with  a  small  modification  for  PF-AR  operation. 

Presentation  Layer 

We  use  X-terminal  or  its  emulator  for  the  operator 
consoles.  There  are  eight  personal  computers  (1GHz, 
Pentium  III  CPU),  five  of  them  are  running  on  Linux 
operating  system  with  dual-head  display  board,  three  of 
them  are  Windows  2000  machines  with  four-head  display. 

SOFTWARE 

General 

The  TRISTAN  control  system  used  NODAL[10]  and 
PCL[11]  for  software  development.  We  decided  to  extract 
the  data  such  information  as  cabling,  however,  we  don’t 
to  translate  any  programs  into  new  control  system.  Each 
working  groups  developed  new  programs  for  machine 
operation.  In  order  to  record  the  history  of  many  files,  we 


utilized  CVS  (Concurrent  Versions  System)  for  the 
management  of  software. 

Although  the  most  of  the  record  types  are  already 
developed  by  EPICS  community  or  KEKB,  we  must 
develop  several  new  EPICS  record.  For  example,  we 
modify  the  existing  KEKB  BPM  record  to  BPM-AR 
record.  For  Magnet  control,  we  add  some  functions  to  the 
KEKB  magnet  record  to  support  energy  ramp-up  for  PF- 
AR  operation. 

EPICS  runtime  database  is  created  by  several  methods. 
For  example,  database  for  BPM  record  is  developed  by  a 
schematic  editor  Capfast  and  then  converted  to  the  EPICS 
database  format.  In  many  cases,  simple  database  is 
written  by  text  editor.  Detail  of  the  beam  position 
measurement  system  is  reported  in  ref.  [12]. 

As  for  the  presentation  software,  MEDM  (Motif-based 
EPICS  Display  Manager)  and  the  scripting  software  such 
as  Python/Tkinter  and  SAD/Tkinter  are  mainly  used. 
SAD [9]  is  a  language  for  accelerator  design  developed  at 
KEK.  For  the  control  of  orbit  measurement/correction, 
injection  tuning,  SAD  is  very  effective  because  it  equips 
an  interface  to  EPICS  channel  access  protocol.  We  can 
measure  any  accelerator  parameters  using  SAD  and  can 
perform  the  calculation  using  it.  On  the  other  hand, 
Python  language  is  also  used  for  the  application  that  does 
not  require  the  lattice  parameters. 

Oracle  database  is  used  to  store  wiring  information  and 
property  of  magnet  power  supplies!  13].  The  data  is 
extracted  and  converted  to  EPICS  database. 

Archive/Retrieval 

We  adopted  the  Channel  Archiver[14],  which  is  one  of 
the  EPICS  extensions.  The  ArchiveEngine  programs  are 
running  on  HP-UX  workstation,  and  almost  9000  records 
are  always  monitored  and  stored  to  the  disk.  Amount  of 
daily  archive  depends  on  the  status  of  machine  operation. 
Roughly  speaking,  magnet  group  and  RF  group  need 
lOOMB/day,  and  another  group  is  10-30MB/day. 

WWW 

A  dual  Pentium  III  machine  for  the  WWW  server  is 
working.  The  machine  acts  as  a  front-end  of  CGI 
interface  of  Channel  Archiver.  Due  to  the  security  reason, 
this  machine  can  be  accessed  only  from  inside  KEK.  In 
order  to  show  the  operation  status  to  the  outside  world, 
operation  information  is  transferred  to  another  web  server 
machine  periodically. 

INTERLOCK  SYSTEM 

Radiation  safety  system  of  PF-AR  is  already  built  as  a 
part  of  a  KEKB  safety  system[15].  In  order  to  manage  the 
safety  among  the  beamline  safety  system,  KEKB  safety 
system,  linac  beam  trigger  signal  and  the  interlock  signal 
from  PF-AR  operation  system,  we  installed  a  new  PLC 
(OMRON).  In  the  old  control  system,  this  interlock  was 
made  up  of  many  logical  circuits  installed  in  NIM 
modules,  however,  reliability  of  the  decrepit  system  was 
not  sufficient.  We  carefully  check  the  logic  and  ported 
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them  to  a  new  ladder  program  on  the  PLC.  The  block 
diagram  of  this  accelerator  safety  system  is  shown  in 
Fig.3. 


Figure  3:  Block  diagram  of  the  PF-AR  interlock  system 
after  the  renewal(top)  and  the  example  of  MEDM  display 
panel(bottom). 

SUMMARY  AND  FUTURE  PLAN 

Renewal  of  PF-AR  control  system  was  successfully 
finished.  We  continue  the  software  development  for  the 
stable  and  reliable  operation.  Because  one  of  the  insertion 
device  dose  not  have  interface  to  EPICS  based  system,  we 


are  developing  the  software  for  them.  This  will  start 
operation  from  the  next  user  run  period.  Electronic 
notebook  is  also  an  important  issue.  We  must  develop 
more  general  interface  for  it. 
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Abstract 

The  LANSCE  (Los  Alamos  Neutron  Science  Center) 
control  system  upgrade  program  continues  with  the 
impending  replacement  of  the  RICE  (Remote 
Instrumentation  and  Control  Equipment)  subsystem.  The 
RICE  subsystem  upgrade  is  a  challenge  because  of  its 
technology  (late  1960’s),  number  of  channels  (>10,000), 
and  unique  characteristics  (all-modules  data  takes, 
timed/flavored  data  takes).  The  plan  is  to  replace  at  least 
the  non-timed  data  and  the  command  portions  of  the 
subsystem  with  Programmable  Logic  Controllers  (PLCs). 
We  discuss  motivations,  technological  challenges,  proof- 
of-principle,  and  planning.  The  boundary  condition,  as 
usual,  is  that  we  must  implement  these  major  changes  on 
a  running  accelerator. 

INTRODUCTION 

The  RICE  system  was  designed  before  the  advent  of 
CAMAC,  VME  and  other  standard  data  acquisition  and 
control  busses.  The  RICE  architecture  was  designed  as  an 
integral  part  of  the  accelerator  facility,  with  capabilities 
custom  crafted  to  support  hardware  in  the  accelerator.  As 
the  years  have  passed,  some  readout  and  control 
capabilities  have  been  moved  to  CAMAC  and  VME,  but 
over  10,000  channels  remain  in  RICE  today.  Some 
upgrades  to  RICE  hardware  were  made  in  the  early 
1970’s,  but  few  changes  have  been  made  since  then. 

The  initial  description  of  the  RICE  hardware  was  given 
at  the  very  first  Particle  Accelerator  Conference  in 
Washington,  D.C.,  in  1965  [1].  For  a  more  in-depth 
discussion  of  the  RICE  system  in  the  context  of  the 
history  of  the  LAMPF/LANSCE  control  system,  see  [2]. 

With  thirty  year  old  technology  comes  problems.  Many 
of  the  discrete  components  in  RICE  electronics  can  no 
longer  be  purchased  and  supplies  of  spares  are  dwindling. 
Plastic  connectors  are  becoming  brittle  and  spares  are  not 
available.  Calibration  capabilities  were  not  built-in, 
raising  questions  about  year-to-year  comparability  of 
settings.  Lack  of  any  vendor  support  means  all 
maintenance  and  repair  must  be  done  in-house.  Non¬ 
standard  electronics  means  all  in-house  maintenance 
people  must  receive  extensive  RICE-specific  training. 
Retirement  of  the  original  designers  and  builders  of  RICE 

♦This  work  has  benefited  from  the  use  of  the  Los  Alamos  Neutron 
Science  Center  at  the  Los  Alamos  National  Laboratory.  This  facility  is 
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of  California  under  Contract  W-7405-ENG-36.  Paper  LA-UR-03-2758. 
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makes  extended  re-engineering  necessary  to  understand 
the  reasons  for  the  current  architecture  and 
implementation. 

A  proposal  was  made  in  the  early  1990s  to  rebuild  the 
system  in  standard  electronics,  providing  a  complete 
duplication  of  RICE  capabilities.  Declining  budgets  and 
high  cost,  along  with  the  undesirability  of  an  extended 
accelerator  downtime,  prevented  funding  of  the  effort. 

The  current  proposal  takes  a  different  approach. 
Review  of  channel  usage  shows  that  full  RICE 
capabilities  are  needed  for  only  about  10%  of  the  channels 
in  the  system.  A  “divide-and-conquer”  approach  will  be 
used,  moving  approximately  9,000  “slow  control” 
channels  to  commercial  Programmable  Logic  Controllers. 
The  remaining  1,200  diagnostic  and  RF  channels  that 
require  full  RICE  capabilities  will  be  implemented  in 
special-purpose  VME  electronics. 

RICE  CAPABILITIES 

The  RICE  system  provides  a  wide  range  of  capabilities. 
This  paper  deals  with  the  standard  capabilities  that 
comprise  the  slow  control  functions  of  the  system.  This 
section  also  describes  the  RICE  features  beyond  slow 
control  that  cannot  be  implemented  in  a  standard  PLC. 

Slow  Control 

Approximately  9,000  channels  in  the  RICE  system  are 
not  dependent  on  the  instantaneous  state  of  the  accelerator 
and  can  be  read  and  commanded  at  a  1  Hz  or  slower  rate. 
Examples  of  such  channels  are  binary  on/off  and  analog 
magnet  currents.  The  RICE  system  supports  this 
functionality  with 

•  Analog  inputs  with  11  bits  plus  sign.  Input  ranges  of 
±10V,  ±1V  and  ±100mV  are  allowed. 

•  Analog  raw  data,  corresponding  to  the  ADC  count. 
Conversion  to  engineering  units  is  done  in  the  legacy 
VAX  control  computers. 

•  Analog  stepper  motor  controllers,  used  to  provide 
local  analog  control  and  to  provide  set  point  control 
that  holds  across  power  outages.  While  a  green-field 
effort  might  use  DACs,  this  upgrade  will  stay  with 
stepper  motor  controllers  to  avoid  the  cost  of 
replacing  the  stepper  motors  and  the  field  wiring 
plant. 

•  Binary  input  data,  compatible  with  0-8.5V  low, 
greater  than  14V  high,  converted  down  to  DTL 
levels. 

•  Binary  commands. 
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•  Linked  binary  commands,  allowing  an  operator  to 
command  a  single  binary  channel  but  issue 
commands  to  several  channels  at  the  hardware  level. 

•  Local  control  capability.  RICE  commands  can  be 
locked  out  locally,  allowing  work  on  equipment 
without  possible  interference  from  the  control  room. 

The  RICE  hardware  is  organized  into  "‘modules.”  In  the 
linac  portion  of  the  system,  a  RICE  module  corresponds 
to  the  equipment  associated  with  one  of  the  48 
accelerating  modules.  A  typical  RICE  Module  supports  64 
analog  inputs,  144  binary  inputs,  25  analog  stepper  motor 
controllers  and  48  binary  commands.  An  extension 
chassis  can  be  used  to  increase  these  limits. 

High  Speed ,  Gated  Acquisition 

Sampling  beam  and  RF  diagnostics  clearly  requires 
high  speeds  and  gating  capabilities  well  beyond  that 
provided  by  slow  control.  Furthermore  the  LANSCE  linac 
runs  at  120  pulses  per  second  with  a  maximum  12%  duty 
factor,  requiring  the  ability  to  schedule  data  reads  at 
specific  times  during  the  pulses.  Finally  many  different 
kinds  of  beam  pulses  may  be  accelerated  during  the  one- 
second  repeat  cycle  of  the  linac  and  it  is  even  possible  to 
have  two  different  kinds  of  beam  on  a  single  RF  pulse,  so 
it  must  be  possible  to  schedule  reads  on  specified  pulses. 
In  RICE  these  capabilities  are  called 

•  Timed  data  -  schedule  the  data  read  at  a  one 

* _ microsecond  granularity  with  respect  to  the  start  of  a 

SVb  millisecond  timing  cycle. 

•  Flavored  data  -  schedule  the  data  read  on  a  pulse 
with  specific  beam  parameters.  Up  to  96  parameters 
can  be  specified,  including  the  desired  beam  species 
(H+  or  H  or  H+  and  H  ),  the  beam  energy,  and  the 
beam-chopping  pattern  (e.g.  gaps  of  90  ns  in  the 
beam  every  270  ns  for  beam  intended  for  the  Proton 
Storage  Ring). 

•  All-modules  data  -  because  of  the  architecture  of  the 
RICE  (a  star  configuration),  data  from  all  72  RICE 
modules  are  acquired  with  each  read.  Thus  a  single 
request  can  read  correlated  data  along  the  entire 
length  of  the  linac  in  a  one-microsecond  window;  72 
individual  reads  would  otherwise  be  spread  over  600 
milliseconds.  Thus  it  is  possible,  for  instance,  to  get  a 
snapshot  of  all  spill  monitors  along  the  linac  on  the 
same  beam  pulse. 

•  Flagged  data  -  a  special  link  to  the  Fast  Protect 
system  flags  data  read  during  a  pulse  with  excessive 
beam  spill.  Also  an  all-modules  data  read  can  get 
spill  status  from  all  accelerator  locations  on  the  same 
pulse  to  determine  where  the  spill  was. 

All  channels  in  RICE,  including  the  slow  control  and 
binary  channels  can  be  read  with  these  constraints. 
However,  only  the  1,200  channels  for  beam  and  RF 
diagnostics  can  fruitfully  use  these  capabilities.  A 
proposal  to  deal  with  these  channels  is  being  developed 
using  transient-digitizer  technology  in  VME  [3,4]. 


PROPOSED  SLOW  CONTROL 
REPLACEMENT 

Commercial  PLC  systems  can  readily  meet  our  needs 
for  slow  control  data.  Evaluations  at  SNS  [5]  have 
measured  read  speeds  under  EPICS  [6]  that  are  well  in 
excess  of  our  needs  and  in  fact  may  support  a  10  Hz 
update  rate  for  our  channel  count.  This  is  highly  desirable 
for  channels  that  are  controlled  by  knobs,  such  as  magnet 
currents. 

We  propose  to  replace  each  RICE  module  with  an  Allen 
Bradley  ControlLogix  [7]  PLC.  An  EPICS  Input-Output 
Controller  (IOC)  in  a  VME  crate  will  be  used  to  control 
three  to  six  PLCs  in  a  geographical  area;  connection  will 
be  made  via  Ethernet,  with  an  Ethernet  switch  used  to 
isolate  the  IOC-to-PLC  traffic  from  the  rest  of  the 
network.  To  replace  the  slow-control  channels  for  a 
typical  RICE  module,  a  PLC  will  have  three  ControlLogix 
crates  containing  six  analog  input  modules,  two  digital 
input  modules,  six  stepper  motor  controller  units  and  two 
digital  output  modules.  There  will  also  be  one  DAC  for 
diagnostic  purposes. 

Extra  accelerator  downtime  to  install  the  new  hardware 
is  not  acceptable.  Thus  installation  will  be  done  during 
normal  maintenance  periods  and  will  result  in  running  the 
accelerator  with  a  mixed  RICE/PLC  system  for  several 
years.  With  present  manpower  and  other  commitments,  it 
is  expected  that  during  a  normal  monthly  three-day 
maintenance  period,  one  RICE  Module  can  be  converted. 
During  the  yearly  three-month  extended  maintenance 
periods,  it  may  be  possible  to  do  as  many  as  10  modules. 
Thus  this  upgrade  will  be  spread  over  four  to  five  years  if 
fully  funded. 

A  proof-of-principle  test  has  been  done  for  binary 
channels.  During  this  year’s  accelerator  operation  we 
expect  to  run  one  RICE  Module  with  a  full  complement 
of  analog  and  digital  PLC  modules  as  a  final  validation  of 
the  plan.  Completion  of  the  remaining  RICE  Modules  will 
depend  on  funding. 

KEEPING  THE  ACCELERATOR 
RUNNING 

Accelerator  operation  constraints,  as  always,  mitigate 
the  aggressiveness  with  which  we  would  like  to  pursue 
the  RICE  upgrade.  It  is  vital  that  during  the  course  of  the 
upgrade  we  present  operations  with  an  (almost)  totally 
transparent  control  system  interface.  Fortunately,  we  have 
already  had  some  experience  with  (almost)  seamless 
integration  of  new  controls. 

The  RICE  hardware  is  managed  by  and  communicated 
with  through  the  linac  control  system  (LCS)  which  runs 
on  a  legacy  VAX/VMS  computers.  EPICS  applications 
access  the  RICE  data  through  “gateway”  software  which 
interfaces  Channel  Access  reads,  monitors  and  commands 
to  the  LCS  data  system.  Moving  RICE  channels  to  a  PLC 
is  mostly  invisible  to  EPICS  application  programs  but  has 
significant  problems  for  applications  still  running  on  the 
VAXes.  There  are  approximately  50  legacy  applications 
running  on  the  VAXes,  which  took  10-25  man-years  to 
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originally  develop.  Conversion  of  the  applications  to 
EPICS  is  in  progress,  but  there  will  be  many  years  when 
there  are  significant  VAX  applications  needing  to  access 
PLC  data.  Some  of  the  issues  that  need  to  be  addressed 
are: 

•  Raw  data  -  Many  legacy  applications  were  written  to 
acquire  and  display  raw  analog  data  in  RICE  ADC 
counts.  Many  of  the  operators  find  that  the  raw 
values  are  more  meaningful  than  the  associated 
engineering  values.  This  problem  becomes  important 
for  legacy  applications,  which  will  have  to  acquire 
some  data  from  RICE  and  some  from  PLCs  which, 
by  EPICS  convention,  supply  only  engineering 
values.  As  an  interim  step  we  are  considering  for  the 
PLCs  that  will  supply  some  kind  of  scaled  “raw” 
values  for  use  by  such  legacy  programs. 

•  Mixed  RICE/PLC  -  Some  legacy  programs  acquire 
data  via  all-modules  data  reads  by  explicitly  referring 
to  “vector”  (or  array-based)  channels.  The  vector 
reads  will  have  to  be  handled  specially  if  some  of  the 
individual  channels  in  the  vector  are  in  RICE  while 
others  are  in  PLCs.  We  plan  to  have  the  legacy  data 
acquisition  library  routines  recognize  these  channels 
and  automatically  split  them  into  separate  RICE/PLC 
references,  without  application  modification.  (Note 
that  the  RICE  front-end  computer  already  builds  all¬ 
modules  reads  from  scalar  reads  whenever  possible.) 

•  Single  channel  for  command  and  readback  -  The 
EPICS  channel  naming  philosophy  calls  for  separate 
channels  for  input  and  output  hardware.  The  LCS 
allows  input  and  output  channels  to  be  associated  in 
the  device  database  and  be  referred  to  with  a  single 
name.  EPICS  applications  will  be  written  assuming 
separate  input  and  output  channels.  We  will  provide 
appropriate  extra  names  for  such  channels  in  the  LCS 
database.  The  EPICS  gateways  will  provide 
data/command  associations  for  EPICS  channels  that 
are  commanded  by  LCS  applications. 

•  Ability  to  read  any  channel  timed/flavored  -  The 
RICE  system  allowed  reading  slow-control  channels 
as  timed  and  flavored  data  for  unusual 
troubleshooting  activities.  The  new  system  is 
designed  to  make  it  possible  to  easily  move  a  channel 
back  to  RICE  if  necessary. 

EXPERIENCE  SO  FAR 

During  a  three-day  maintenance  period  RICE  binary 
input/output  channels  in  the  RICE  module  controlling  the 
last  accelerating  module  of  the  linac  were  rewired  to  a 
PLC.  An  EPICS  IOC  was  installed  to  interface  the  PLC  to 
the  remainder  of  the  control  system.  Control  system 


software  was  modified  to  access  these  RICE  channels 
through  the  IOC.  The  system  was  tested  and  a  few 
software  problems  corrected.  The  accelerator  then  ran  for 
a  month  in  production  mode  with  the  PLC  system.  Thus 
we  have  high  confidence  that  such  upgrades  can  be  done 
during  monthly  maintenance  periods. 

The  next  step  in  the  upgrade  will  move  all  RICE  analog 
and  digital  slow  control  channels  on  the  RICE  module  to 
a  PLC.  It  is  expected  that  this  test  will  be  done  during  the 
2003  production  period.  Based  on  the  manpower  costs  for 
this  step  we  will  be  able  to  finalize  a  budget  and  possible 
schedule  for  upgrading  the  slow  control  channels  on  the 
remaining  RICE  modules. 
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Abstract 

The  linac  control  system  of  Hefei  Light  Source  (HLS) 
was  initially  build  in  late  1980’s,  and  a  concerted  effort 
has  been  put  forth  to  upgrade  it  to  a  new,  distributed  one 
based  on  EPICS.  Industrial  PC  based  hardware  is  widely 
used  as  not  only  IOC  but  also  front-end  controller.  Besides 
industrial  PC,  PLC  and  single-chip  microcomputer  are  also 
used  as  front-end  controllers  in  some  subsystems.  The  soft¬ 
ware  for  industrial  PC  based  front-end  controller  is  devel¬ 
oped  based  on  vxWorks  real-time  operating  system.  The 
software  for  PLC  and  single-chip  microcomputer  are  writ¬ 
ten  with  ladder  software  package  and  assemble  language 
respectively.  PC  with  Linux  operating  system  and  SUN 
workstation  with  Solaris  operating  system  are  used  as  op¬ 
erator  interfaces.  High  level  control  is  made  up  of  some 
EPICS  tools  and  Tcl/Tk  scripts. 

INTRODUCTION 

HLS  is  a  second-generation  dedicated  synchrotron  light 
source.  It  consists  of  a  200  MeV  linac,  a  beam  transport 
line,  and  an  800  MeV  electron  storage  ring  [1].  The  linac 
control  system  was  initially  build  in  late  1980’s  [2].  Except 
some  subsystems,  most  of  the  system  were  not  computer¬ 
ized.  In  the  computerized  subsystems,  personal  computer 
(PC)  and  single  board  computer  were  used  as  operator  in¬ 
terface  and  front-end  controller  respectively.  RS232  and 
RS422  were  used  for  the  communication  between  PC  and 
single  board  computers.  It  used  a  different  communication 
protocol  from  the  storage  ring  control  system  which  had 
been  upgraded  using  Experimental  Physics  and  Industrial 
Control  System  (EPICS)  [3].  For  ease  of  communication 
with  the  storage  ring  control  system  and  operation,  a  con¬ 
certed  effort  has  been  put  forth  to  upgrade  the  linac  control 
system  to  a  new,  distributed  one  based  on  EPICS  in  the  last 
two  years. 

In  HLS  linac,  there  are  a  large  number  of  magnet  sup¬ 
plies,  beam  measurement  equipment,  and  devices  in  vac¬ 
uum  system,  accelerating  system,  and  interlock  system.  All 
of  the  devices  and  equipment  need  to  be  controlled  and 
monitored  by  the  control  system.  The  upgrade  has  per¬ 
formed  in  several  stages.  By  now,  the  following  subsys¬ 
tems  have  accomplished: 

•  Linac  magnet  power  supply  control  and  monitoring; 

•  Linac  vacuum  monitoring; 

•  Linac  flag  control  and  monitoring; 

•  Interlock  system; 

•  Klystron  focus  power  supply  control  and  monitoring; 
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•  Modulator  pulse  power  supply  control  and  monitor¬ 
ing. 

HARDWARE 

Hardware  structure 

The  “standard  model”  [4]  is  used  for  HLS  Linac  control 
system,  which  consists  of  operator  interface,  input/output 
controller(lOC)  and  front-end  controller.  Fig.  1  gives  an 
overview  of  the  hardware  structure  of  HLS  linac  control 
system.  A  SUN  workstation  and  some  PCs  are  used  as  op¬ 
erator  interfaces  to  perform  high  level  control.  Industrial 
PC  based  hardware  is  widely  used  in  HLS  linac  control 


PLC(moiialitox  PS) 


Figure  1:  Overview  of  HLS  linac  control  system. 

system.  It  is  used  as  not  only  front-end  controller  but 
also  IOC.  Besides  PC  based  hardware,  programmable  logic 
controller  (PLC)  and  single-chip  microcomputer  are  also 
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used  as  front-end  controllers.  For  example,  single-chip  mi¬ 
crocomputers  are  used  to  control  and  monitor  linac  vac¬ 
uum  subsystem,  and  PLCs  are  used  in  the  interlock  system 
and  modulator  pulse  power  supply  system.  The  RS232  se¬ 
rial  protocol  is  used  for  the  communication  between  IOC 
and  front-end  controller.  The  MOXA’s  multi-serial  card, 
C168P,  is  used  to  add  up  more  serial  ports  for  IOCs.  100M- 
Ethemet  is  used  for  the  local  area  network  (LAN)  to  get 
high  network  transport  speed.Shielded  cable  and  optical 
fiber  are  used  for  the  communication  media. 


Industrial  PC  based  front-end  controller 

The  industrial  PC  based  front-end  controller  is  mainly 
used  to  control  and  monitor  the  magnet  and  klystron  fo¬ 
cusing  coil  power  supplies.  Fig.  2  illustrates  its  hardware 
structure  which  is  based  on  ISA  bus  technology.  Because 
the  specifications  of  the  power  supply  that  are  controlled  by 
this  type  of  controller  are  about  1000  ppm,  the  12-bit  DAC 
and  ADC  cards  are  used  to  set  and  read  the  power  supply 
current.  Relay  and  digital-in  cards  are  used  to  control  and 
monitor  the  power  supplies’  status  respectively.  The  chan- 
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Figure  2:  Hardware  structure  of  industrial  PC  based  front- 
end  controller. 

nels  of  these  control  and  monitor  cards  are  determined  by 
the  number  of  power  supplies  that  the  controller  controlled. 
To  avoid  the  electro-magnetic  interference  (EMI)  between 
the  controller  and  the  power  supplies,  optical  isolation  is 
adapted  in  these  controllers. 


SOFTWARE  OVERVIEW 

Software  of  front-end  controller 

The  software  for  industrial  PC  based  front-end  controller 
has  been  developed  based  on  Vx Works  multi-task  mecha¬ 
nism,  which  consists  of  three  parts  (see  Fig.  3):  communi¬ 
cation  module,  main  loop  module,  and  device  drivers.  The 
communication  module  is  used  to  receive/send  messages 
from/to  IOC.  The  main  loop  module  is  used  to  parse  the 
command  and  data  from  the  message  received  by  commu¬ 
nication  module  and  call  the  corresponding  device  driver 
according  to  the  command.  It  will  send  massges  to  the  IOC 
if  it  gets  a  read  command.  The  device  drivers  are  used  to 
access  the  hardware  or  software  channels. 


Figure  3:  Software  structure  of  industrial  PC  front-end  con¬ 
troller. 

The  software  for  PLC  is  written  with  ladder  software 
package  (LSS),  and  assemble  language  is  used  to  develop 
the  software  for  single-chip  microcomputer. 

Software  of  IOC 

There  are  about  1,000  records  resident  in  four  IOCs, 
which  made  up  of  the  distributed  database  of  the  linac  con¬ 
trol  system.  The  following  record  types  are  used:  AI,  AO, 
BI,  BO,  Mbbi  (Multi-bit  Binary  Input),  Mbbo  (Multi-bit 
Binary  Output),  MbbiDirect  (Direct  Multi-bit  Binary  In¬ 
put),  MbboDirect  (Direct  Multi-bit  Binary  Output),  and 
subroutine.  The  device  support  and  device  drivers  for  these 
record  type  have  been  developed  to  access  input/output 
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hardware  or  field-bus  adapter  [5].  The  state  notation  lan¬ 
guage  and  sequencer  are  used  to  perform  a  number  of  com¬ 
mands,  for  example,  to  interlock  and  protect  the  devices. 

Some  EPICS  tools  are  used  for  high  level  control.  For 
example,  MEDM  is  used  to  edit  and  manage  the  control 
interface  screens,  Alarm  handler  (ALH)  is  used  to  monitor 
the  alarm  status  of  some  devices,  for  example  power  supply 
alarm .  status 

A  number  of  Tcl/Tk  [6]  scripts  have  also  been  developed 
to  perform  high  level  control,  which  are  used  in  the  routine 
machine  operation  and  machine  study.  For  example,  they 
are  used  for  the  power  supply  setpoint  backup  and  restore, 
turning  power  supplies  on  and  off,  magnet  cycle,  and  so  on. 

CONCLUSION 

Most  of  the  subsystems  of  HLS  linac  control  system 
have  been  in  operation  for  a  period  of  time,  and  the  per¬ 
formance  is  as  good  as  expected.  Our  experiences  have 
proven  that  a  control  system  that  is  build  with  inexpensive 
but  reliable  controllers,  for  example  industrial  PC,  PLC, 
and  single-chip  microcomputer,  not  only  is  extremely  cost 
effective  but  works  fine. 
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Abstract 

The  Spallation  Neutron  Source  (SNS)  is  using  a  Java 
based  hierarchal  framework  for  application  program 
development.  The  framework  is  designed  to  provide  an 
accelerator  physics  programming  interface  to  the 
accelerator,  called  XAL.  Much  of  the  underlying  interface 
to  the  EPICS  control  system  is  hidden  from  the  user.  Use 
of  this  framework  allows  writing  of  general-purpose 
applications  that  can  be  applied  to  various  parts  of  the 
accelerator.  Also,  since  the  accelerator  structure  is 
initiated  from  a  database,  introduction  of  new  beamline 
devices  or  signal  modifications  are  immediately  available 
for  all  XAL  applications.  Direct  scripting  interfaces  are 
available  for  both  Jython  and  Matlab,  for  rapid 
prototyping  uses.  Initial  applications  such  as  orbit 
difference,  orbit  correction  and  a  general  purpose 
diagnostic  tool  have  been  developed  and  tested  with  the 
SNS  front  end.  The  overall  framework  is  described,  and 
example  applications  are  shown. 

INTRODUCTION 

The  SNS  is  an  accelerator  for  pulsed,  high- intensity 
neutron  production.  For  general-purpose,  high-level 
accelerator  physics  applications  for  SNS  commissioning 
and  operation,  a  Java-based  software  infrastructure  called 
XAL  fl]  is  designed  and  implemented.  The  XAL  is  a 
programming  framework  providing  an  object-oriented 
model  of  an  accelerator,  interfaces  to  the  SNS  control 
systems  for  dynamic  data  and  to  the  SNS  global  database 
[2]  for  static  information,  interfaces  to  various  external 
modeling  software  packages,  and  a  built-in  lattice  tool  [3] 
mainly  for  quick,  on-line  calculation.  The  entire 
application  software  infrastructure  is  shown  schematically 
in  Fig.  1 .  A  subset  of  the  global  database  is  extracted  into 
portable  extensible  markup  language  (XML)  formatted 
files  which  can  be  any  part  of  the  entire  accelerator.  The 
communication  between  the  applications  and  the  control 
hardware  is  through  an  EPICS  Java  Channel  Access  layer 
embedded  in  the  XAL.  Also,  an  optional  data  correlation 
engine  in  the  XAL  ensures  the  event  data  collected  all 
occurred  within  a  specified  time  window,  usually  the 
beam  pulse  width.  The  framework  also  provides  standard 
user  interface  design  such  as  common  look-and-feel,  Java 

*  SNS  is  a  collaboration  of  six  US  National  Laboratories:  Argonne 

National  Laboratory  (ANL),  Brookhaven  National  Laboratory  (BNL), 

Thomas  Jefferson  National  Accelerator  Facility  (TJNAF),  Los  Alamos 
National  Laboratory  (LANL),  Lawrence  Berkeley  National  Laboratory 
(LBNL),  and  Oak  Ridge  National  Laboratory  (ORNL).  SNS  is 
managed  by  UT-Battelle,  LLC,  under  contract  DE-AC05-00OR22725 
for  the  U.S.  Department  of  Energy. 

§  Also  at  ESRF,  Genoble,  France. 


logging  and  user  preferences,  and  on-line  help  in  HTML 
form.  To  test  the  framework  and  applications  without  a 
real  accelerator  running  most  of  the  time,  we  rely  on  an 
accelerator  simulator  called  the  virtual  accelerator  [4] 
with  Trace-3D  and  PARMILA  as  model  engines  and 
portable  channel  access  server  as  EPICS  data  provider. 
The  advantages  of  this  simulator  are  model-based 
simulation,  and  the  same  data  acquisition  interface  and  the 
same  EPICS  process  variable  (PV)  settings  as  been  used 
on  the  real  machine. 


Figure  1 :  Application  software  infrastructure. 

APPLICATION  FRAMEWORK 

In  Fig.  1,  the  application  framework  is  represented  in 
the  top  box  plus  the  connection  to  the  database.  A  more 
detail  diagram  of  the  framework  can  be  found  in  Fig.  2. 
The  figure  is  also  a  simplified  SNS  application  software 
design  layout.  The  major  parts  of  this  software 
infrastructure  can  be  categorized  in  the  following 
subsections. 

XAL  toolkits 

This  is  the  core  part  of  the  framework.  The  framework 
design  is  based  on  hierarchal  view  of  the  machine, 
namely,  a  tree-like  structure  with  accelerator  sequences  as 
branches  and  accelerator  nodes  as  leaves.  However,  this 
physical  view  of  the  machine  is  not  quite  suitable  for 
accelerator  lattice  which  also  contains  drift  space,  split 
elements  for  various  physics  reasons  and  devices  sitting 
on  top  of  each  other.  Therefore,  a  conversion  between  the 
machine  view  and  lattice  view  is  introduced  in  the  XAL. 
The  XAL  toolkits  contain  the  followings: 
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Channel  Access 
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Figure  2:  Application  framework  overview. 
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•  On-line  modeling  tool  providing  a  quick  particle 
trajectory  or  envelope  calculation.  Currently  we  use 
external  Trace-3D  routine  as  the  modeling  tool  The 
on-line  modeling  tool  will  replace  this  external  call 
and  increase  the  flexibility  and  robustness. 

•  Standard  machine  format  (SMF)  defining  an 
hierarchal  view  of  the  accelerator,  implementations 
for  various  beam-line  devices,  sets  of  attributes  for 
both  static  and  dynamic  data,  and  XML  parser  for 
file  input/output  of  the  accelerator  object  in  XML 
format. 

•  Lattice  generator  providing  the  conversion  between 
hardware  view  of  the  machine  (a  list  of  accelerator 
nodes)  and  physics  view  of  the  machine  (lattice 
elements). 

•  XAL  specific  tools  such  as  generating  input  files 
with  XAL  lattice  generator  for  external  modeling 
tools,  setting  or  gathering  multiple  EPICS  PVs. 

Channel  Access 

The  communication  between  XAL  applications  and 
accelerator  hardware  is  through  channel  access.  A  Java 
wrapper  layer  over  the  native  C  language  libraries 
provides  extra  exception  handling,  thread  management 
and  convenient  methods  for  Channel  Access.  We  plan  to 
replace  both  the  wrapper  and  the  Java-to-C  library  by  a 
pure  Java  communication  protocol  in  the  future. 

General  Tools 

There  is  a  collection  of  general-purpose  tools  for 
applications.  These  tools  can  be  used  independent  of 
XAL.  Here  is  a  brief  list  of  the  tools: 

•  Mathematical  tools  such  as  elliptical  integration. 

•  Graphical  User  Interface  (GUI)  components. 

•  General  polynomial  data  fitting  routine. 

•  Time  correlation  for  gathering  data  events  within  a 
specified  time  window.  This  is  a  very  important 
requirement  for  a  pulsed  machine. 


•  Standard  messaging  for  saving  and  passing  Java 
messages. 

Database  Utilities 

As  shown  in  Fig.l,  a  subset  of  the  global  database  in 
XML  format  is  parsed  in  by  applications  for  initializing 
accelerator  objects.  The  advantage  of  this  intermediate 
XML  file  is  portability  and  providing  a  hierarchal  view  of 
the  database.  So  far  we  have  demonstrated  that  the  lattice 
generated  from  the  database  designed  values  via  the  XML 
file  produces  the  same  model  result  as  the  original  design. 
Alternatively,  direct  access  from  applications  to  the  global 
database  is  also  possible.  The  database  query  and 
automatic  XML  generation,  and  several  data  validation- 
check  routines  are  provided. 

Scripts  and  Examples 

Scripting  language  such  as  Jython  can  be  a  quick 
development  or  software  debugging  tool.  Also,  the 
Matlab  scripting  language  provides  many  data  analysis 
tools.  Both  Jython  and  Matlab  can  access  XAL  by 
importing  their  own  Java  interface  libraries.  General 
examples  are  also  provided  for  quick  tutorial  purpose. 
Once  a  script  is  proven  useful  and  needs  to  be  more  user- 
friendly,  we  convert  the  script  to  a  real  Java  application. 

Application  GUI  Framework 

The  idea  of  using  a  standard  application  GUI 
framework  is  to  try  to  give  every  application  share  the 
same  look-and-feel,  so  a  general  user  can  learn  how  to  use 
an  application  more  quickly.  Also,  many  GUI 
components  can  be  re-used  in  different  applications,  such 
as  logging  service,  user-defined  preferences,  file  input  and 
output,  etc.  This  GUI  framework  can  greatly  reduce  the 
development  time  for  user  interfaces. 

As  shown  in  Fig.  3,  all  the  XAL  applications  will  use 
this  GUI  framework  with  common  pull-down  menus, 
editing  buttons,  console  output  panel,  window  control  and 
on-line  HTML  help  feature.  Application  writers  can 
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easily  replace  or  add  to  any  pre-defined  feature  with 
customized  ones. 

Applications 

There  have  been  more  than  a  dozen  of  applications  using 
Java/XAL  framework.  Examples  are  orbit  display,  orbit 
correction,  general-purpose  EPICS  process  variable 
display,  2-dimensional  and  3-dimensional  correlation 
plots,  and  many  other  scripts.  We  also  converted  some 
applications  originally  written  in  Matlab  to  XAL-based 
Java  applications  for  maintenance  and  improvement 
purposes.  Several  applications  as  examples  are  discussed 
in  the  next  section. 


Orbit  Display 

The  Orbit  display  application  compares  the  model- 
predicted  beam  trajectoiy  and  the  beam  position  monitor 
(BPM)  measured  average  beam  positions.  In  Fig.  5,  the 
horizontal  trajectory  differences  between  before  and  after 
a  dipole  corrector  strength  change  are  plotted.  The  filled 
circles  are  model  prediction  and  the  squares  are  BPM 
measurement.  In  this  particular  application,  the  modeling 
tool  is  external  Trace-3D  Fortran  code  compiled  as  a 
shared  library.  The  initial  beam  coordinates  and 
momentums  for  the  model  are  manually  settable  via  user 
interface. 
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Figure  3:  XAL  application  GUI  common  look. 


APPLICATION  EXAMPLES 

General  Purpose  Diagnostic  Display 

A  general  purpose  beam-line  device  display  application 
is  written  for  quick  device  diagnosis  purpose.  As  shown 
in  Fig.  4,  the  application  can  display  same  type  of  beam¬ 
line  devices’  signals  along  a  given  accelerator  section  as 
2-D  scattered  plot  or  the  same  type  of  PVs  versus  time  as 
water-fall  plot.  Plot  updating  at  5  Hz  still  maintains 
reasonable  performance.  The  data  plotting  package  used 
here  and  many  other  applications  is  JCIass  version  6.1  [5], 


Figure  4:  General  purpose  device  display  screen  snapshot. 


X  Difference 

dX 


Figure  5:  Partial  screen  snapshot  of  Orbit  Difference 
Display  application. 

CONCLUSION 

The  SNS  application  framework  is  in  production  mode. 
Many  applications  using  this  framework  have  been  tested 
during  the  SNS  front  end  commissioning.  As  the  XAL 
framework  becomes  more  and  more  stable,  we  will  speed 
up  new  application  development  and  convert  existing 
Matlab  applications  to  use  this  framework.  With  a 
common  look-and-feel  for  each  application,  the  end-user 
will  not  suffer  a  steep  learning  curve.  Also,  the  on-line 
lattice  tool  will  be  tested  in  the  next  commissioning 
period. 
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Abstract 

A  global  relational  database  is  being  assembled  to 
track  accelerator  components  for  the  Spallation  Neutron 
Source  (SNS).  As  part  of  this  activity,  beamline  element 
information  is  stored  for  use  in  high  level  application 
programs.  A  hierarchal  accelerator  framework  is 
generated  from  the  database  and  used  for  initialization  of 
a  Java  based  programming  infrastructure.  From  within 
this  framework  input  files  for  beam  simulation  codes  can 
be  generated  using  either  live  machine  values  or  design 
values.  The  database  also  includes  global  coordinates  for 
beamline  element  alignment,  and  magnet  measurement 
data.  An  overview  of  the  table  schema  and  relationships 
to  tables  used  in  other  parts  of  the  project  are  discussed. 

INTRODUCTION 

The  approach  of  the  Spallation  Neutron  Source  (SNS) 
application  programming  effort  [1]  is  to  write  general 
purpose  software  which  can  be  applied  to  any  part  of  the 
SNS  accelerator.  To  facilitate  this,  the  SNS  global 
database  plays  an  important  role  as  the  primary  repository 
for  the  static  data  used  to  configuring  applications  for  a 
specific  parts  of  the  accelerator.  In  addition  to  application 
program  configuration,  the  beamline  device  information 
stored  in  the  database  is  used  for  other  purposes,  such  as 
storage  of  the  global  coordinates  defining  the  ideal  and 
actual  lattice  elements  positions,  design  values  for 
magnets  and  RF,  and  for  external  lattice  generation. 

This  paper  discusses  the  general  architecture  of  the 
beamline  device  portion  of  the  database.  The  following 
sections  describe  the  organization  of  the  beamline  device 
schema,  describe  some  of  the  ways  data  is  extracted,  and 
show  some  example  applications.  There  are  many  other 
parts  of  the  global  database  not  covered  here,  particularly 
related  to  the  equipment  aspects.  These  areas  include 
equipment  tracking,  maintenance,  and  calibration  data. 
More  detailed  information  about  the  SNS  global  database 
may  be  found  in  reference  [2] . 

DATABASE  ORGANIZATION 

An  important  aspect  of  the  SNS  global  database  is  its 
organization  around  two  distinct  conceptual  components: 
devices  and  equipment.  A  device  instance  is  an  abstract 
component  with  perhaps  some  design  values.  An 
equipment  instance  is  an  actual  piece  of  hardware  with  a 


barcode.  Generic  information  (e.g.  design  values  or 
position  along  the  lattice)  is  stored  with  the  device  and 
equipment  specific  information  (e.g.  magnet 
measurement)  is  stored  with  the  equipment.  For  example, 
every  magnet  has  a  device  record  containing  its  design 
field,  lattice  position,  etc.  There  is  also  a  bar-coded  piece 
of  equipment  that  occupies  each  magnet  position.  The 
equipment  portion  of  the  magnet  database  contains  the 
magnet  measurement  information.  A  device-equipment 
association  table  relates  which  piece  of  equipment  is 
installed  in  a  particular  device.  If  a  piece  of  equipment 
breaks,  and  is  replaced  by  another,  none  of  the  device 
information  changes;  only  the  device  to  equipment 
association  needs  to  be  modified. 

Beamline  Devices 

Devices  are  required  to  be  identified  by  four  different 
predefined  pieces:  system,  subsystem,  type  and  instance. 
Concatenation  of  these  pieces  is  the  core  of  the  SNS 
naming  convention.  The  “system”  is  similar  to  a  primary 
lattice  sequence  (e.g.  Drift  Tube  Linac  (DTL),  Ring,  etc.); 
subsystems  include  magnets,  diagnostic,  power  supply, 
etc.;  type  includes  Quad,  BPM,  RF,  etc.,  and  for  example 
“instance”  is  1,2,3,  etc.  Devices  include  components 
throughout  the  accelerator  complex,  including  racks, 
computer  controllers  etc.  Subsets  of  the  devices  are 
indicated  as  beamline  devices  —  i.e.  components  that 
would  normally  be  found  in  a  modeling  lattice  file.  It  is 
the  beamline  devices  that  the  application  programming  is 
most  directly  concerned  with,  and  the  rest  of  this  paper 
primarily  addresses.  But  we  emphasis  that  there  are  no 
hard  boundaries  in  the  global  database  schema  -  the 
application  programming  configuration  also  has  to  access 
some  equipment  data.  Population  and  use  of  the  database 
crosses  group  administrative  boundaries. 

Each  item  that  would  be  treated  as  an  independent 
element  in  a  typical  beam-tracking  model  is  handled  as  an 
independent  beamline  device.  For  example,  in  the  SNS 
there  are  single  hardware  pieces,  each  consisting  of  a 
quadrupole,  a  dipole  corrector  and  a  BPM.  Each  of  these 
are  treated  as  three  separate  beamline  devices,  all  at  the 
same  beamline  position.  Also,  each  magnetic  pole  of  a 
magnet  assembly  is  treated  as  an  independent  beamline 
device. 


*  SNS  is  managed  by  UT-Battelle,  LLC,  under  contract  DE-AC05-00OR22725  for  the  U.S.  Department  of  Energy.  SNS 
is  a  partnership  of  six  national  laboratories:  Argonne,  Brookhaven,  Jefferson,  Lawrence  Berkeley,  Los  Alamos,  and  Oak 
Ridge. 
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Figure  1.  Simplified  schematic  of  the  Beamline-device  related  tables  in  the  SNS  global  database.  Items  in  red 
are  foreign  keys  to  other  table  records. 


Relationship  to  XAL  Classes 

The  application-programming  framework  [2]  is  Java 
based  and  has  a  class  hierarchy  describing  the  accelerator. 
The  SNS  database  is  a  relational  database  (not  object 
oriented),  but  the  table  structure  is  organized  to  simplify 
the  beamline  mapping  to  the  XAL  class  structure.  As 
shown  in  Figure  1,  beamline  device  elements  belong  to  a 
sequence.  Information  is  also  stored  regarding  the 
beamline  device  placement  within  a  sequence  and  which 
sequences  may  be  concatenated  with  others.  Also,  each 
beamline  device  has  a  specified  type  (e.g.  BPM,  Magnet, 
etc.).  By  using  the  type  identification,  proper  tables  can  be 
found  to  obtain  additional  information  specific  to  that 
device.  Also  there  are  tables  to  hold  design  values  (e.g. 
baseline  field  setting  for  a  magnet).  Design  values  have  a 
scenario  ID,  allowing  multiple  sets  of  design  values  to  be 
stored  (but  at  present,  only  a  single  “baseline”  set  of 
design  values  is  used). 

Connection  to  the  Control  System 

An  important  aspect  of  the  application  programming 
framework  initialization  is  relating  the  beamline  devices 
to  the  appropriate  control  system  signals.  SNS  uses  the 
EPICS  [3]  control  system  which  uses  “Process  Variables” 
or  PVs  to  communicate  between  clients  and  Front-End 


computers.  The  EPICS  PVs  are  stored  in  separate  tables 
and  used  to  initialize  EPICS  setup  files  (or  EPICS 
“database”  files).  In  the  XAL  setup  procedure,  a 
prescribed  subset  of  the  available  PVs  for  each  device 
type  are  selected  and  assigned  a  “handle”  that  describes 
their  function.  For  instance  we  assign  the  PV  that 
supplies  the  average  horizontal  position  from  a  BPM  the 
handle  “xAvg”.  The  handle  can  be  used  in  general 
actions  over  a  set  of  devices  of  the  same  type. 

XML  file  representation 
of  the  XAL  accelerator 
class  structure 


Client 


Figure  2.  Data  flow  path  from  the  database  to  the 
application  programs. 
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APPLICATIONS 

For  application  programs,  the  primary  use  of  the 
database  is  to  acquire  the  accelerator  hierarchy  class 
structure  initialization.  This  is  represented  schematically 
in  Fig.  2.  An  XML  file  is  generated  by  a  java-based 
query,  which  is  subsequently  read  by  client  applications 
on  startup.  A  direct  database  query  from  the  applications 
is  also  possible,  but  we  use  the  intermediate  XML  file  for 
reasons  of  speed  and  flexibility  for  quick  changes.  In  the 
future,  a  service  is  planned  that  will  query  the  database 
and  dynamically  provide  clients  the  latest  accelerator 
structure. 

Device  and  Lattice  views 

Only  information  about  complete  physical  devices  is 
stored  in  the  database.  This  view  of  the  accelerator  is 
referred  to  as  the  accelerator  “data-graph”,  and  is 
adequate  by  itself  for  some  applications  (e.g.  displaying 
the  BPM  orbit  vs.  position).  However,  for  modeling 
purposes  devices  must  be  subdivided  and  drift  spaces 
between  physical  elements  must  be  accounted  for.  This 
different  way  of  viewing  the  accelerator  is  depicted  in 
Fig.  3.  The  database  contains  only  information  about 
device  positions  and  lengths.  All  drift  space  calculation 
and  element  splitting  is  done  within  the  XAL  framework. 
Also  depicted  in  Fig.  3  are  views  of  the  “Devices”  and 
“Lattice  elements”  in  XML  formats  which  are  used  within 
XAL.  This  lattice  view  is  used  in  the  XAL  online  model 
[4],  as’ well  as  for  creating  external  model  lattice  files. 

Magnet  Families 

Another  important  consideration  in  configuring  the 
application  framework  is  knowledge  of  magnet  families 
(on  common  power  supplies)  and  magnet  excitation  curve 
measurements.  The  mapping  of  magnets  to  power 
supplies  is  included  in  the  beamline  devices  tables.  Field 
mapping  data  is  also  stored  in  special  magnet 
measurement  tables.  This  information  is  associated  with 
specific  equipment  (as  opposed  to  devices).  The 


Device  View 
(Stored  in  Database) 


implementation  of  current  to  field  transformations  is  to  be 
done  at  the  Front  End  Controller  level  (i.e.  field 
information  will  be  available  via  EPICS).  However,  the 
database  is  being  used  to  provide  the  necessary  field 
mapping  and  magnet  family  information  for  Front  End 
Controller  initialization. 

EXPERIENCE 

Organization  and  population  of  the  database  has  proved 
to  be  more  labor  intensive  than  originally  anticipated.  Part 
of  this  is  due  to  increasing  schema  complexity  driven  by 
the  overlapping  needs  of  diverse  groups  using  the 
database.  At  present  the  beamline  elements  are  roughly 
halfway  populated  and  the  database  is  being  used  as  the 
configuration  base  for  the  application  programs  (the  SNS 
accelerator  is  much  less  than  halfway  commissioned 
now).  Even  in  the  initial  commissioning  stages  use  of  the 
database  to  configure  applications  has  proved  useful.  For 
example,  modification  of  only  a  single  point  to 
accommodate  multiple  applications  realization  that  BPM 
electronics  have  moved  from  one  device  to  another.  We 
anticipate  the  flexibility  offered  by  the  use  of  a  database 
to  reap  further  dividends  as  SNS  moves  towards 
operations. 
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Fig.  3  Schematic  of  the  device  view  of  data  abstraction  used  in  the  database,  and  the  lattice  view 
abstraction  used  in  setting  up  modeling  sets.  The  lattice  view  is  constructed  within  the  XAL  framework. 
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THE  EPICS  BASED  VIRTUAL  ACCELERATOR  -  CONCEPT  AND 

IMPLEMENTATION* ** 

A.Shishlo  ,  P.  Chu,  J.  Galambos,  T.  Pelaia,  ORNL,  Oak  Ridge,  TN  37830,  USA 

Abstract  virtual  accelerator. 


A  virtual  accelerator  (VA)  concept  and  an 
implementation  founded  on  TRACE3D  and  PARMILA 
codes  are  presented.  This  virtual  accelerator  is  suitable  for 
accelerators  with  a  control  system  based  on  EPICS  and 
consists  of  the  EPICS  portable  channel  access  server 
(PCAS),  the  EPICS  client  providing  communication 
between  a  simulation  model  and  PCAS,  and  the 
simulation  model  itself.  The  virtual  accelerators  for  the 
SNS  linac  and  experience  in  using  these  VAs  are 
discussed. 

COMPONENTS  OF  A  VIRTUAL 
ACCELERATOR 

Development  of  physics  applications  for  an  accelerator 
tiiat  does  not  yet  exist  presents  a  nontrivial  task  (the  SNS 
is  an  example).  In  the  case  of  a  control  system  based  on 
EPICS  [1]  there  is  an  elegant  solution  facilitating  this 
task.  It  is  possible  to  create  a  model  imitating  the  real 
machine  by  using  the  EPICS  PCAS  and  one  of  the 
existing  simulation  programs.  This  combination  of  PCAS 
and  a  simulation  program  has  been  termed  the  “virtual 
accelerator”  because  it  looks  like  a  real  machine  from  the 
EPICS  channel  access  view,  operates  with  real  process 
variable  (PV)  names,  and  produces  a  reasonable  response 
generated  by  the  simulation  model.  To  provide  the 
network  communication  between  the  simulation  model 
and  EPICS  PCAS  we  need  an  EPICS  channel  access 
client  (third  part  of  virtual  accelerator).  The  structure  of 
VA  is  shown  on  Fig.  1 . 


Figure  1.  The  structure  of  the  virtual  accelerator. 

A  physics  application  program  (see  Fig.  1)  is  a  program 
that  is  supposed  to  work  with  a  real  machine  and 
communicates  only  with  the  PCAS.  It  is  not  a  part  of  the 
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There  are  certain  differences  between  the  real  and 
virtual  accelerators.  First,  the  simulation  program  is  not  as 
fast  as  the  real  machine,  therefore  the  time  delay 
parameters  (if  any)  in  the  physics  application  should  be 
increased.  Second,  the  quality  of  response  is  defined  by 
the  accuracy  of  the  model  in  the  description  of  the  physics 
of  the  real  accelerator.  An  advantage  of  the  VA  is  that  the 
developers  can  have  as  many  VAs  as  they  need. 

Portable  Channel  Access  Server 

The  PCAS  has  been  built  on  the  base  of  the  EPICS 
Release  3.14.1  Portable  Server  library.  For  the  sake  of 
simplicity  PCAS  implements  only  classes  related  to  the 
synchronous  EPICS  process  variables  (PVs)  because  it  is 
enough  for  our  purposes.  It  means  that  our  PCAS  extends 
only  three  abstract  base  classes  from  the  EPICS  channel 
access  server  (CAS)  library:  caServer,  casPV,  and 
casChannel.  The  initialization  of  the  server  is  performed 
by  using  a  simple  ASCII  file  that  can  be  prepared  by  hand 
or  can  be  generated  by  the  client  part  of  the  virtual 
accelerator.  It  includes  information  about  EPICS 
environment  variables  and  the  PV's  description.  In 
addition  to  the  PV’s  name  the  user  can  specify  the  lower 
and  upper  limits  for  PV’s  value,  a  size  for  vector  PVs,  a 
random  error  spread  for  PV’s  value,  and  period  for 
applying  random  errors  to  simulate  noise. 

This  PCAS  has  nothing  specific  for  the  virtual 
accelerator  and  can  be  used  as  a  usual  EPICS  portable 
channel  access  server. 

Simulation  Program 

A  simulation  program  for  the  virtual  accelerator  should 
meet  several  criteria: 

•It  should  be  reliable  in  producing  the  reasonable 
physical  results. 

•It  has  to  be  fast  enough.  The  calculation  time  for 
the  considered  part  of  accelerator  should  be  about 
several  seconds.  If  it  is  not  we  cannot  talk  about 
interactivity  of  the  model. 

•It  should  be  capable  to  calculate  physical  values 
that  determine  diagnostic  signals  necessary  for  the 
particular  physics  application  program. 

At  this  time,  there  are  two  types  of  VAs.  The  first  type 
is  based  on  TRACE3D  [2],  and  the  second  one  uses  the 
PARMILA  [3]  simulation  program.  These  codes  are  well 
known  and  widely  used. 

Usually  the  TRACE3D  based  VA  is  used  to  simulate  a 
trajectory  of  the  center  of  the  beam  in  the  SNS  linac. 
TRACE3D  code  is  fast,  but  it  cannot  describe  beam 
losses,  and  so  this  VA  cannot  produce  diagnostic  signals 
related  to  the  intensity  of  the  beam. 

PARMILA  is  the  linac  design  and  beam  dynamics 
simulation  code.  However,  the  VA  uses  its  simulation 
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capabilities  only.  It  is  more  complex  and  slower  than 
TRACE3D,  but  it  enables  us  to  simulate  the  beam 
position  monitor’s  (BPM)  amplitude  and  phase  values, 
and  signals  from  both  the  beam  current  monitors  and  wire 
scanners. 

CA  Client 

The  CA  client  part  of  the  virtual  accelerator  provides 
exchange  of  information  between  PCAS  and  the 
simulation  code.  It  gets  PV’s  values  from  PCAS, 
transforms  them  if  it  is  necessary,  and  puts  them  as  input 
parameters  into  the  simulation  program.  After  the 
simulation  code  finishes  calculation,  the  CA  client  should 
extract  diagnostic  information  and  put  it  into  the 
corresponding  channel  access  server’s  PVs.  These  actions 
put  into  “loop  forever”  will  produce  an  impression  of  the 
live  accelerator  if  the  user  deals  with  PVs  on  the  PCAS 
only.  There  are  two  extremely  different  ways  to 
implement  this  algorithm. 

In  the  first  way  the  CA  client  deals  with  the  input  and 
output  files  of  the  simulation  program  only.  In  the 
beginning  of  the  calculation  loop,  the  CA  client  has  to 
prepare  the  simulation  input  file  with  the  values 
corresponding  to  the  PV  values  from  the  PCAS  at  the 
appropriate  places  in  this  file.  Then  it  has  to  start  the 
simulation  program  executable  file  by  using  the  system 
call.  After  the  simulation  code  finishes  the  calculation  and 
dumps  output  files  onto  the  hard  drive,  the  CA  client  has 
to  analyze  these  output  files,  extract  necessary  diagnostic 
information,  and  put  this  information  into  PCAS.  This 
approach  does  not  require  any  modification  in  the 
simulation  code,  and  this  is  a  big  advantage  of  this 
approach.  On  the  other  hand,  parsing  of  the  output  files 
can  be  difficult,  and  these  files  may  not  contain  all  of  the 
necessary  information.  For  instance,  none  of  the  existing 
simulation  programs  generates  BPM  phases  and 
amplitudes. 

In  the  second  way  the  CA  client  and  the  simulation 
code  are  integrated  into  one  executable  and  do  not  use 
intermediate  files  for  information  exchange.  For  this  case, 
the  source  code  of  a  simulation  program  has  to  be 
modified  to  include  methods  for  input  data  definition  and 
extraction  of  diagnostic  information.  These  new  methods 
should  not  interfere  with  the  original  source  code,  so  the 
results  of  calculations  for  modified  and  unmodified 
simulation  programs  have  to  be  the  same.  This  approach 
provides  greater  flexibility  in  producing  the  simulated 
diagnostic  signals,  because  the  CA  client  has  access  to  all 
internal  information  in  the  simulation  code.  It  enables  us 
to  create  a  new  diagnostic  method  for  each  of  the 
necessary  diagnostic  values.  The  disadvantage  of  this 
approach  is  that  the  developer  should  have  knowledge 
about  not  only  input  and  output  files  of  the  simulation 
program,  but  also  about  the  details  of  the  program 
implementation.  Therefore,  this  approach  can  be  used 
only  for  a  relatively  simple  simulation  code. 

In  the  described  virtual  accelerators,  the  second  method 
is  used  in  the  VA  based  on  the  TRACE3D  code  and  a 
combination  of  both  methods  for  the  PARMILA  based 


VA.  The  different  approaches  were  used  because 
TRACE3D  has  a  very  simple  structure  for  input  data 
describing  an  accelerator  lattice  and  can  be  easily 
modified. 


TRACE3D  CA  CLIENT 

The  structure  of  the  CA  client  based  on  the  TRACE3D 
code  is  shown  on  Fig.  2. 


C++  code  of  the  CA  Client 


_ 1  , 

- 1 

EPICS  CA  Library 

C  interface  to  the  FORTRAN 

t 
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Figure  2.  The  structure  of  the  CA  client  and  simulation 
program  for  the  TRACE3D  based  VA. 

As  it  is  said  above,  the  source  code  of  TRACE3D  has 
been  modified.  The  main  program  has  been  transformed 
into  the  FORTRAN  function  “calcul”  and  the  part  of  code 
that  reads  the  TRACE3D  input  data  has  been  moved  into 
the  “readdt”  function.  The  call  of  new  function  that  grabs 
coordinates  of  the  centroid  of  the  beam  has  been  inserted 
into  the  main  loop  of  the  TRACE3D,  which  passes 
through  all  elements  of  the  accelerator  lattice. 

A  number  of  new  FORTRAN  subroutines  that  work 
with  the  TRACE3D  data  structure  were  added.  They 
provide  the  ability  to  set  and  read  values  inside  the  2D  A- 
array  where  TRACE3D  keeps  all  data  about  the 
accelerator’s  lattice  elements.  Thus,  the  CA  client  can 
synchronize  this  data  with  PVs  in  the  PCAS. 

There  are  two  files  needed  to  initialize  this  CA  client. 
The  first  file  is  a  usual  unmodified  TRACE3D  input  file, 
and  the  second  one  is  an  ASCII  map  file  with  PV  names 
for  “set”  and  “read  back”  variables  and  indexes  of  the  A- 
array  associated  with  these  PVs.  The  second  file  also 
includes  necessary  parameters  to  transform  PCAS  PV 
values  to  the  TRACE3D  values  such  as  coefficients 
between  current  and  field  strengths  for  electromagnets. 

The  algorithm  of  the  calculation  cycle  of  the 
TRACE3D  based  CA  client  is  revealed  in  Fig.  3.  In  the 
beginning,  it  reads  data  from  two  input  files  and 
initializes  the  internal  structures.  Then,  it  puts  initial 
values  into  PCAS  PVs  in  accordance  with  the  TRACE3D 
input  file  data.  Eventually,  it  starts  the  main  loop  of 
calculations.  During  this  loop,  the  CA  client  reads  data 
from  PCAS,  puts  them  into  the  TRACE3D  data  structure, 
starts  TRACE3D,  and  places  calculated  BPM  responses 
into  PCAS.  There  are  beam  center  initial  coordinates  PVs 
in  PCAS  that  do  not  exist  in  a  real  accelerator  and  are 
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initialized  from  the  TRACE3D  input  file,  but  they  enable 
outside  applications  to  change  these  coordinates  without 
interruption  of  the  VA  calculation  cycle  if  necessary. 


Read  input  files 

<=>  Initialize  PCAS’s  PVs  from  Trace3D  data 

Loop  Forever 

■=> 

Copy  “Set”  PVs  from  PCAS  to  Trace3D 

< 

U 

Copy  “Set”  PVs  from  PCAS  to  “Read  Back” 
PVs  into  PCAS 

Oh 

. 

Copy  Initial  Beam  Center  PVs  from  PCAS  to 
Trace3D 

[Start  Trace3D 

Copy  Beam  Center  Coordinates  from 

Trace3D  to  “BPM”  PVs  into  PCAS 

Figure  3.  The  algorithm  of  calculations  of  the  TRACE3D 
based  CA  client. 


Using  of  the  TRACE  3D  Based  CA  Client 

The  TRACE3D  based  VA  is  mostly  used  in  the 
development  and  debugging  of  orbit  correction 
application  programs.  It  is  very  suitable  for  this  purposes, 
because  it  is  very  fast.  It  takes  less  than  one  second  to  get 
the  beam  center  trajectory  for  the  SNS  MEBT  part  of  the 
SNS  linac  that  includes  about  1 00  lattice  elements. 

PARMILA  CA  CLIENT 

The  structure  of  the  PARMILA  based  CA  client  is 
similar  to  the  one  based  on  TRACE3D  (see  Fig.  2.).  It 
includes  the  modified  PARMILA  FORTRAN  code, 
additional  FORTRAN  subroutines  providing  access  to  the 
data  about  coordinates  of  macro-particles,  and  the  C 
interface  to  the  FORTRAN  subroutines  that  enable  the 
CA  client  to  control  PARMILA  calculations.  In  either 
case,  one  executable  file  for  the  CA  client  is  created. 

The  difference  is  that  the  PARMILA  based  CA  client 
does  not  work  with  data  structures  describing  an 
accelerator  lattice  directly.  Instead,  it  reads  the  input 
PARMILA  file  with  special  marks  on  the  places  where 
parameters  from  PCAS  should  be  placed,  keeps  this  file 
in  memory,  at  necessary  moments  edits  this  file  replacing 
marks  by  numbers,  and  dumps  the  new  version  of  the  file 
onto  the  hard  drive  as  the  new  input  file  for  PARMILA. 
The  algorithm  of  the  PARMILA  based  CA  client  is  shown 
in  Fig.  4.  This  approach  demands  minimal  changes  in  the 
PARMILA  source  code;  only  a  few  lines  with  calls  to  the 
external  diagnostic  routine  were  added.  This  diagnostic 
routine  has  access  to  the  inner  PARMILA  array  where  the 
6D  coordinates  of  the  macro-particles  are  kept.  Using  this 
information  the  diagnostic  method  calculates  average  x 
and  y  coordinates  that  are  x  and  y  BPM  signals,  BPM’s 


amplitudes  and  phases  (the  second  harmonic  of  FFT  of 
the  longitudinal  macro-particles  distribution),  and  the 
wire  scanner  signals  (the  RMS  distributions  for  each  of 
the  x  and  y  coordinates). 


Read  input  files:  the  initial  PARMILA  file  with 
marks  and  the  map  file 

Initialize  PCAS’s  PVs  from  inner  data 

Loop  Forever 

PCAS 

Get  “Set"  PVs  from  PCAS  ”  ” 

Set  “Read  Back”  PVs  into  PCAS 

Prepare  the  input  PARMILA  file  and  dump 
it  onto  the  disk  r 

Start  PARMILA  and  the  process  of 
gathering  of  diagnostics  information 

*3 

Put  diagnostic  information  into  PCAS 

Figure  4.  The  structure  of  the  CA  client  and  simulation 
program  for  the  PARMILA  based  VA. 


Using  of  the  PARMILA  Based  CA  Client 

The  PARMILA  based  VA  provides  more  realistic 
simulation  of  the  diagnostic  signals,  but  it  is  slower  than 
the  TRACE3D  based  one.  It  takes  several  or  several  tens 
seconds  to  calculate  the  propagation  of  macro-particles 
through  the  MEBT.  The  calculation  time  depends  on  the 
number  of  macro-particles  and  the  space-charge  treatment 
approach.  This  VA  is  used  in  development  and  debugging 
of  the  RF  cavities  tuning  applications. 

SUMMARY 

Using  EPICS  as  a  base  for  the  control  system  of  an 
accelerator  provides  the  ability  to  create  realistic 
simulation  software  (VA)  that  can  be  used  instead  of  the 
real  machine  during  development  of  the  physics 
application  programs.  The  combination  of  the  portable 
channel  access  server  and  the  accelerator  simulation  code 
with  the  channel  access  client  has  been  called  a  “virtual 
accelerator  \  These  VAs  are  widely  used  in  application 
development  for  SNS  and  appear  to  be  a  useful  tool. 
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ACCELERATOR  CONTROL  MIDDLE  LAYER* 

J.  Corbett,  G  Portmann  and  A.  Terebilo,  SLAC,  Stanford,  CA  94309,  USA 


Abstract 

This  paper  reviews  an  efficient  implementation  of  the 
software  ‘middle  layer’  that  resides  between  high-level 
accelerator  control  applications  and  the  low-level 
accelerator  control  system.  The  middle  layer  software  is 
written  in  MATLAB  and  includes  links  to  the  EPICS 
Channel  Access  Library.  Functionally,  the  middle  layer 
syntax  closely  parallels  the  Family/Index  naming  scheme 
used  in  many  accelerator  simulation  codes  and  uses  the 
same  convention  to  communicate  with  both  the  online 
machine  and  the  accelerator  model.  Hence,  machine 
control,  machine  simulation  and  data  analysis  tools  are 
integrated  into  a  single,  easy-to-use  software  package. 

INTRODUCTION 

As  shown  in  Fig.  1,  the  middle  layer  provides  a  set  of 
functions  that  communicate  with  machine  hardware  via 
the  MATLAB  Channel  Access  toolbox  MCA  [1],  At  the 
heart  of  the  middle  layer  is  a  data  structure  containing 
Accelerator  Objects  or  Families  of  hardware  elements 
with  various  attributes:  element  names,  element  indices, 
i/o  channel  names,  unit  conversions,  etc.  The  naming 
scheme  mimics  the  Family/Index  convention  commonly 
used  in  accelerator  simulation  codes.  Hence,  the  language 
of  simulation  codes  can  be  used  to  communicate  directly 
with  either  online  accelerator  components  or  the  model. 

The  middle  layer  family  definitions  are  contained  in  a 
text  file  for  easy  editing.  Typical  families  include  dipoles, 
quadruples,  sextupoles,  correctors  and  BPMs.  An 
additional  Accelerator  Data  structure  contains  default 
directory  specifications,  file  names  and  basic  accelerator 
parameters.  Execution  of  a  simple  MATLAB  script  loads 
both  the  Accelerator  Object  (AO)  and  the  Accelerator 
Data  (AD)  blocks  into  memory  -  all  routines  in  the 
middle  layer  toolbox  have  direct  access  to  the  AO  and  AD 
data. 

Middle  layer  functions  are  used  to  communicate  with 
accelerator  hardware  and  access  different  family 
attributes.  At  present,  hardware  communications  occurs 
via  EPICS  Channel  Access.  In  this  case,  the  middle  layer 
provides  channel  names  and  keeps  track  of  integer 
handles  for  each  device  thereby  buffering  the  user  from 
detailed  Channel  Access  calls  with  complicated  channel 
names.  Other  communication  protocols  are  also  possible. 
The  middle  layer  also  accommodates  an  accelerator 
model  in  the  MATLAB  Accelerator  Toolbox  (AT)  [2,3] 
or  can  communicate  with  a  MATLAB  model  server 
operating  in  an  EPICS  ioc  [4].  The  ability  to  switch 
between  ‘simulator’  and  ‘online’  modes  is  useful  for 
program  development  and  analysis. 


Figure  1:  Middle  Layer  Software  Flow  Diagram 

By  design,  the  middle  layer  is  machine  independent  - 
communication  with  different  machines  requires  the  user 
to  reconfigure  the  Accelerator  Object  file,  revise  the 
Accelerator  Data  structure  and  update  the  model.  Special 
functions  may  be  required  for  machine-specific  hardware. 

USE  OF  MATLAB 

One  key  feature  of  our  approach  to  the  middle  layer  is 
the  use  of  MATLAB.  MATLAB  provides  an  active 
variable  workspace,  a  built-in  math  library,  powerful 
graphics  capabilities  and  on-going  development  of  new 
software  features.  Just  as  MATLAB  can  be  augmented 
with  commercial  'toolboxes’,  the  Accelerator  Toolbox 
(physics)  [2,3],  the  MATLAB  Channel  Access  Toolbox 
(EPICS  interface)  [4]  and  the  Middle  Layer  Toolbox 
(controls  &  data  organization)  [5]  facilitate  accelerator 
simulation  and  control.  All  of  these  functions  make  use  of 
the  array  processing  capabilities  inherent  in  MATLAB. 

At  the  application  level,  script-based  control  sequences 
and  graphical  interfaces  utilize  the  middle  layer  to 
standardize  and  simplify  programming.  At  the  highest 
level,  MATLAB  and  the  associated  toolboxes  can  be  used 
to  control  the  accelerator  -  at  the  Advanced  Light  Source 
MATLAB  is  used  for  energy  ramp,  configuration 
save/restore,  global  orbit  correction,  insertion  device 
compensation  and  beam-based  alignment  [6].  Response 
matrix  analysis  routines  are  in  turn  used  for  accelerator 
calibration  and  lattice  studies  [7].  Several  of  the  high- 
level  ALS  functions  have  been  ported  to  SPEAR  3  and 
upgraded  to  the  middle  layer  formalism.  Well  before 
SPEAR  3  start-up,  the  MATLAB  tools  were  used  for 
physics  studies  and  simulated  commissioning  [8,9]. 


*work  supported  in  part  by  Department  of  Energy  Contract  DE-AC03-76SF00515  and  Office  of  Basic  Energy  Sciences,  Division  of 
Chemical  Sciences. 
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MIDDLE  LAYER  NOMENCLATURE 

In  the  EPICS  environment  each  hardware  device  has  a 
unique  set  of  identifiers  or  Process  Variables  (PV). 
Accelerator  physicists,  however,  often  think  in  terms  of 
hardware  families  (dipoles,  quadrupoles)  and  attributes  of 
the  family  elements  (length,  strength,  etc).  In  the  middle 
layer,  each  family  has  a  nominal  set  of  structure  fields 
(element  names,  element  indices,  channel  names,  etc). 
Specific  hardware  elements  in  a  family  are  referred  to  by 
{Family,  DeviceList}  where  DeviceList  is  an  integer 
doublet  {Sector,  Index}.  A  further  division  of  the  family 
structure  into  Monitor  and  Setpoint  sub-structures  keeps 
element  attributes  well  organized  and  fits  neatly  into  the 
middle  layer  function  architecture.  The  EPICS  setpoint 
PV  names,  for  instance,  are  found  in 
Family.  Setpoint.Channelnames . 

Middle  layer  function  names  are  characterized  by  a 
prefix  to  indicate  action:  get=[retrieve  value];  set=[deposit 
value];  meas=  [measure];  calc= [calculate],  getsp  retrieves 
a  setpoint,  whereas  measchro  measures  chromaticity. 
Step-  and  ramp-  functions  are  wrappers  for  the  ‘set’ 
routine.  Wherever  possible,  functions  are  written  in 
machine-independent  format. 

MODES  OF  OPERATION 

Middle  layer  software  can  be  run  in  several  modes  of 
operation.  The  online  mode  broadcasts  get/set  calls  to 
EPICS  Channel  Access  servers.  The  servers  can  be 
connected  to  live  hardware  modules  or  a  model  server  [4]. 
The  simulation  mode  directs  get/set  calls  directly  to  the 
local  AT  model  [2,3].  This  mode  is  useful  to  develop  and 
test  control  programs  prior  to  deployment  and  for 
programs  not  intended  for  online  use.  In  practice,  get/set 
calls  check  if  the  mode  is  'online',  'simulator',  'manual',  or 
'special.'  The  'manual'  mode  prompts  the  user  for  manual 
data  input  (e.g.  tunes)  while  the  ’special'  mode  allows  the 
user  to  define  an  in-line  function  to  numerically  process 
data. 

MIDDLE  LAYER  FUNCTIONS 

The  middle  layer  function  toolbox  is  well  established 
and  continues  to  expand.  At  present,  it  contains  about  100 
functions. 

Get  and  Set  Functions 

These  core  functions  communicate  with  Channel  Access 
Servers  or  the  MATLAB  Accelerator  Toolbox.  The  two 
main  functions  are  getpv  ( get  EPICS  PV)  and  setpv  (set 
EPICS  PV).  Both  functions  accept  a  variety  of  input 
formats  via  the  Family/Index  convention.  Rather  general 
calls  are  permitted  and  timing  requests  are  possible.  It  is 
important  to  note  that  the  MCA  toolbox  communicates 
with  the  .val  field  of  an  EPICS  record.  Nevertheless,  each 
Accelerator  Object  family  can  contain  many  PV  channel 
names  for  a  given  hardware  device.  A  quadrupole  magnet 
family,  for  instance,  can  have  setpoint,  monitor,  voltage, 


and  status  PV  channel  names  that  refer  to  the  . val  field  in 
the  associated  EPICS  records. 

Utility  Functions 

Utility  functions  allow  easy  conversion  between  fields 
in  an  Accelerator  Object  family.  Examples  include 
family2common  (convert  family  name  to  element 
common  names),  common2dev  (convert  common  names 
to  numerical  device  indices)  and  common2channel 
(convert  common  names  to  PV  channel  names). 
getfamilydata  is  a  particularly  important  utility  function 
used  to  access  information  from  an  Accelerator  Object 
family. 


Shortcut  Functions 

Shortcut  functions  are  designed  to  reduce  number  of 
parameters  required  in  a  function  call.  Examples  include 
getsp  and  setsp  which  communicate  with  setpoint  PV’s, 
and  getx/gety  which  return  horizontal  and  vertical  beam 
position  values.  Reference  to  the  channel  access  handles 
is  performed  in  the  base  routines  getpv/setp. 

Unit  Conversion  Functions 

Unit  conversions  play  an  important  role  in  modeling  the 
on-line  machine.  For  this  purpose,  the  middle  layer 
supplies  two  functions  HW2Physics  (hardware-to- 
physics)  and  Physics2HW  (physics-to-hardware).  Both 
functions  accept  the  Family/Index  naming  convention  but 
refer  to  the  Accelerator  Object  database  to  retrieve  the 
numerical  conversion  algorithm  and  associated 
parameters.  For  SPEAR  3,  polynomial  current-to-field 
transfer  functions  are  used  for  each  magnet  family.  Each 
individual  magnet  has  an  additional  numerical  scaling 
factor  for  detailed  modeling  applications. 

Simulator  Functions 

These  functions  only  communicate  with  the  AT  model 
to  return  simulated  physics  parameters.  Examples  include 
g£f&£ta=(calculate  beta  functions),  (calculate 

chromaticity)  and  getdisp=(ca\c\ilate  dispersion). 
MATLAB  functions  in  the  AT  toolbox  can  also  be  used 
directly  to  augment  the  set. 

Special  Functions 

Some  devices  do  not  conform  neatly  with  the 
Family/Index  formalism  so  special  functions  are  created 
to  access  the  data.  An  example  is  getid/setid  for  insertion 
device  gap  control.  Alternatively,  since  it  is  easy  to  create 
Accelerator  Object  families,  special  families  can  be  added 
for  a  specific  task.  The  storage  ring  tunes,  for  instance, 
can  be  represented  by  a  family  structure  containing  fields 
for  the  common  names,  channel  access  handles  and 
golden  tunes.  For  ramping  applications  an  Accelerator 
Object  with  every  magnet  involved  in  the  ramp  can  be 
created. 
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DATA  MANAGEMENT 

Robust  data  management  for  accelerator  control  and 
accelerator  measurements  can  be  a  challenging  task.  The 
Accelerator  Objects  framework  organizes  element  names 
and  attributes  in  a  local  database.  In  principle,  much  of 
the  AO  data  can  be  loaded  from  a  master  site-wide 
database  if  it  exists.  But  this  is  not  always  the  case  - 
SPEAR  3  studies  in  MATLAB  commenced  years  before  a 
database  was  available.  The  Accelerator  Data  structure 
contains  machine-  and  middle  layer  specific  data  that 
resides  outside  of  the  site-wide  database.  Examples 
include  calculated  physics  parameters  and  directory 
locations  to  store  measured  data. 

APPLICATION  PROGRAMS 

A  primary  reason  for  middle  layer  software  is  to 
simplify  script  construction  and  high-level  application 
programming.  Scripts  rely  heavily  on  middle  layer 
software  to  perform  correlated  perturb/measure  studies. 
Application  programs  can  be  dominated  by  user-interface 
software  but  again  benefit  from  the  middle  layer  for 
machine  control  and  data  handling.  In  both  cases  the 
middle  layer  buffers  the  user  from  detailed  Channel 
Access  calls.  The  middle  layer  also  provides  high-level 
functions  for  common  accelerator  physics  tasks. 
Examples  include: 

(1)  measrespmat  -  measure  response  matrix 

(2)  getrespmat  -  read  response  data  from  files 

(3)  measdisp  -  measure  the  dispersion  function 


SUMMARY 

The  MATLAB  middle  layer  provides  convenient  and 
easy-to-use  ‘glue’  for  experimentalists  and  application 
programmers  to  access  online  hardware,  model  programs 
and  data  analysis  tools.  In  conjunction  with  the  inherent 
flexibility  of  MATLAB,  the  middle  layer  allows  rapid 
software  development  and  testing.  Due  to  the  machine- 
independent  nature  of  the  software,  it  is  readily  adapted  to 
other  accelerators,  particularly  storage  rings  and  LINACS 
which  feature  magnet  families  and  repetitive  cells.  In 
principle,  the  middle  layer  can  be  adapted  to  other 
applications  in  experimental  physics  and  industrial 
control. 
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SIMULATED  COMMISSIONING  OF  SPEAR  3  STORAGE  RING 

A.  Terebilo,  D.  Keeley,  J.  Corbett,  G.  Portmann,  SLAC,  Stanford,  CA  94309,  USA 


Abstract 

In  preparation  for  the  commissioning  and  operations  of 
SPEAR3  we  developed  a  number  of  high-level  accelerator 
control  applications.  We  also  developed  a  test  platform 
that  simulates  the  physics  of  a  storage  ring.  To  any 
application  using  EPICS  Channel  Access  protocol  it 
appears  as  a  real  storage  ring:  measurable  parameters  such 
as  orbits  and  tunes  change  in  response  to  the  changes  in 
the  accelerator  hardware  setpoints. 

BACKGROUND 

SPEAR3  synchrotron  light  source  will  be  commissioned 
soon  at  SSRL.  New  EPICS  control  system  software  will 
make  most  of  the  existing  high-level  applications 
obsolete.  It  is  challenging  to  commission  a  new  facility 
with  this  many  new  software  applications  most  of  which 
were  never  tested  on  a  real  machine. 

Many  simple  applications  such  as  operator  menus, 
panels,  live  data  and  history  displays  present  less  of  a 
challenge  because  they  are  built  using  standard  EPICS 
toolkit  components  and  they  can  be  tested  against  dummy 
CA  servers. 

Accelerator  physics  applications  that  implement 
measurement  functions  or  control  algorithms  are 
inherently  more  complex  and  require  realistic  behavior  of 
the  simulated  variables  in  order  for  the  tests  to  be 
meaningful. 

COMPONENTS 

We  developed  a  platform  for  testing  such  accelerator 
physics  applications,  the  Model  Server.  Figure  1  shows 
the  component  diagram  of  the  Model  Server. 

Portable  channel  access  server 

A  Basic  EPICS  portable  channel  access  server  (PCAS) 

[1]  serves  Process  Variables  (PV's)  commonly  used  by 
accelerator  physics  applications: 

•  Orbits  (Beam  Position  Monitor  readings) 

•  Corrector  magnets 

•  Magnet  setpoints  (quadrupoles  and  sextupoles) 

•  RF  frequency  and  voltage 

•  Betatron  tunes 

Physics  Simulator 

Physics  simulator  is  a  MATLAB  [2]  program.  It  uses 
Matlab  Channel  Access  (MCA)  Toolbox  [3]  to 
communicate  with  PCAS.  It  uses  Accelerator  Toolbox 
(AT)  [4]  to  make  accelerator  physics  calculations.  We  run 
MATLAB  on  the  same  CPU  as  the  PCAS  but  it  is  not  a 
requirement  since  all  communications  with  PCAS  go 
through  channel  access. 

The  physics  simulator  performs  the  following  tasks: 


•  Maintains  connections  to  PV’s  in  PCAS 

•  Sets  and  maintains  EPICS  monitors  on  the  PV’s 
that  may  be  modified  by  tested  applications 

•  Maintains  an  AT  model  of  a  storage  ring.  The 
model  updates  when  test  applications  change  the 
values  of  corresponding  PV’s  on  the  PCAS 

•  Periodically  computes  the  close  orbits,  betatron 
tunes,  synchrotron  frequency  and  posts  them  to 
PCAS 


Figure  1 :  Model  server  -  an  application  testing  platform. 

Random  noise  and  systematic  errors  may  be  optionally 
added  to  computed  closed  orbits  and  frequencies.  A  delay 
can  be  introduced  beyond  the  required  computation  time 
to  simulate  processing  delays  in  the  control  system 

Tested  applications 

An  application  under  test  communicates  with  the  Model 
Server  as  if  it  was  a  real  machine.  The  behavior  of  orbits 
and  tunes  is  completely  physical. 

Most  of  the  SPEAR3  accelerator  physics  applications 
are  also  MATLAB  programs  that  use  Channel  Access 
Toolbox,  Accelerator  Toolbox,  and  Accelerator  Control 
Middle  Layer  [5]. 
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Abstract 

We  are  in  the  process  of  upgrading  the  VME  processors 
on  the  Aladdin  electron-storage-ring  control  system.  The 
last  major  redesign  of  the  control  system  occurred  in  the 
mid  1980’s.  At  that  time  we  converted  to  VME 
microcomputers  and  VAX/VMS  workstations 
communicating  via  Ethernet.  This  is  the  second  upgrade 
since  then  of  the  VME  processor.  As  upgrades  of  the 
Motorola  680x0  processor  are  no  longer  available  we 
have  decided  to  switch  to  the  Intel  Pentium  III.  This 
change  allowed  us  to  reconsider  our  use  of  the  rather 
primitive  pC/OS  kernel  and  implement  a  commercial  real¬ 
time  OS.  We  decided  to  use  QNX  primarily  as  it  was  a 
good  match  to  our  existing  software  and  was  zero  cost.  In 
addition  to  upgrading  the  CPUs  we  have  also  added  a  new 
scripting  language  to  our  main  control  application.  We 
used  SWIG  (Simplified  Wrapper  and  Interface  Generator) 
to  create  wrapper  code  for  die  scripting  software.  SWIG 
can  create  wrapper  code  for  many  scripting  languages  so 
our  initial  choice  of  a  scripting  language  was  not  critical. 
We  decided  to  start  by  using  Python  due  to  the  many 
available  add-on  libraries  and  the  apparent  ability  to 
support  larger  projects.  We  will  discuss  our  evaluation 
process  and  the  challenges  we  encountered. 

INTRODUCTION 

Our  present  control  system  utilizes  several  generic 
desktop  PCs  running  Windows  2000,  eight  VME  systems 
running  QNX  [1]  and  ten  dedicated  power-supply 
controllers  running  pC/OS  [2,3].  The  network  is  primarily 
100  Mbps  switched  Ethernet  with  a  1  Gbps  over  copper 
link  between  the  storage  ring  and  the  control  room.  Our 
new  VME  processor  boards  (VMIC  7750)  use  a  733 
MHz  Pentium  III  processor  and  have  64  MB  of  Compact 
Flash  storage,  64  MB  of  SODIMM  RAM  aiid  dual  100 
Mbps  Ethernet  ports.  These  boards  replaced  processor 
boards  based  on  the  Motorola  68030.  The  dedicated 
power-supply  controllers  are  built  into  our  dipole  and 
quadrupole  power  supplies.  They  were  updated  with  new 
VME  processors  based  on  the  Motorola  MC68360  in 
2000.  These  controllers  are  actually  the  oldest  processors 
in  our  control  system. 

The  size  of  our  control  system  is  smaller  than  many 
facilities  [4].  As  a  result  we  no  longer  have  a  controls 
group.  Several  years  ago  the  controls  group  was  trimmed 
from  three  staff  members  down  to  one.  The 
responsibilities  were  also  reduced  and  no  longer  include 
facility  computing  and  network  support.  The  operations 
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group  supplies  staff  for  cabling  and  transition  panel  work 
as  needed  by  the  control  system. 

REAL-TIME  OPERATING  SYSTEMS 

For  the  last  ten  years  we  have  been  using  pC/OS  for 
simple  task  management.  It  doesn’t  include  any  support 
for  networking  or  memory  management.  We  wrote  our 
own  networking  software  and  simple  heap  management 
software.  Typically  our  budget  is  consumed  by  hardware 
purchases  so  we  are  forced  to  write  our  own  software  or 
find  an  open  source  solution. 

While  investigating  many  possible  real-time  operating 
systems,  we  discovered  that  QNX  had  recently  changed 
its  licensing  policy.  The  software  was  now  offered  free 
for  non-commercial  use.  We  verified  with  their  sales 
department  that  this  new  licensing  policy  allowed  us  to 
use  QNX  free  of  charge. 

Some  possible  operating  system  choices  included 
pC/OS,  RTEMS,  several  versions  of  real-time  Linux  and 
QNX.  pC/OS  has  served  us  well  but  we  desired  a  more 
complete  package.  RTEMS  appeared  to  be  an 
improvement  over  pC/OS  but  its  support  is  not  as  strong 
as  real-time  Linux. 

The  choice  was  narrowed  down  between  the  various 
real-time  Linux  systems  and  QNX.  QNX  has  many 
advantages  for  us: 

•  Drivers  are  separate  from  the  kernel  and  they  run 
in  their  own  protected  address  space.  Rebuilding 
the  kernel  is  not  required  for  eveiy  driver  change. 

•  Drivers  can  be  started  and  stopped  independently 
from  the  kernel. 

•  QNX’s  built-in  message  passing  functions  closely 
matched  our  existing  software’s  need  for 
interprocess  communication. 

•  QNX  has  a  cleaner  implementation  of  its 
networking  software.  Linux  switches  out  of  its 
real-time  kernel  for  network  communication. 

•  QNX  has  a  much  shorter  learning  curve  for  people 
unfamiliar  with  Linux.  There  is  no  need  to  learn 
how  to  build  the  kernel  or  how  to  write  kernel 
drivers. 

PROCESSOR  SELECTION 

With  the  availability  of  no  cost  real-time  OS’s  the 
decision  of  processor  architecture  became  less  important. 
The  decision  could  now  be  made  based  on  cost  vs. 
performance.  We  requested  bids  for  a  VME  processor 
board  with  a  Pentium  III,  Celeron  or  Motorola  MPC750 
processor.  We  also  specified  some  form  of  on-board  flash 
memory,  100  Mb  Ethernet  and  a  PMC  expansion  site. 
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Unfortunately  it  seems  that  many  vendors  don’t  like  to 
respond  to  the  generic  bids  required  by  our  purchasing 
department.  But  we  did  receive  a  reasonable  selection  of 
low  bidders  with  prices  that  varied  by  less  than  about 
10%.  The  VMIC  board  with  the  Pentium  III  clearly  had 
the  most  computing  power.  Other  benefits  included 
removable/upgradeable  RAM  and  Compact  Flash,  two 
Ethernet  controllers  and  available  on-board  32-bit  timers. 

One  concern  is  that  the  heat  generated  by  the  Pentium 
III  is  greater  than  that  generated  by  the  PowerPC 
processor.  VMIC  claimed  that  with  proper  cooling  the 
Pentium  III  processor  would  not  have  problems.  To  test 
this  a  VMIC  board  was  initially  configured  to  run 
Windows  2000.  A  CPU  thermal  stressing  program  was 
downloaded  from  the  Internet.  The  processor  temperature 
climbed  to  50  °C  in  about  5  minutes.  The  BIOS  was 
configured  to  throttle  down  the  processor  by  50%  at  that 
temperature.  In  the  throttled  down  state  it  would  cool  off 
and  then  the  BIOS  would  return  the  processor  to  full 
speed.  This  cycle  would  continue  indefinitely. 
Unfortunately  the  early  BIOS  must  have  been  configured 
to  set  a  flag  if  it  reached  the  throttle  down  temperature. 
When  attempting  to  reboot  after  this  test,  the  board 
indicated  a  problem  by  flashing  a  LED.  VMIC’s 
documentation  instructed  that  the  board  must  be  returned 
to  the  factory.  The  service  record  from  the  factory  only 
indicated  that  the  BIOS  firmware  had  been  updated  to  fix 
the  flashing  LED.  This  would  not  be  suitable  for  number 
crunching  but  it  probably  does  not  represent  a  problem  for 
real-time  control  applications. 

CODE  DEVELOPMENT 

The  first  task  in  porting  our  software  was  writing  a 
driver  for  the  PCI-VME  bus  interface  (Tundra  Universe 
II).  At  that  time  VMIC  had  not  written  the  driver  for  the 
latest  version  of  QNX.  In  fact  they  suggested  they  might 
be  interested  in  supplying  the  prior  version’s  source  code 
to  us  if  we  would  update  it  for  them.  We  declined  since 
the  source  code  was  available  for  a  Linux  driver.  Creating 
the  QNX  version  did  not  prove  to  be  an  overly  ambitious 
project. 

Most  OS  driver  protocols  typically  require  procedures 
that  are  similar  to  the  standard  file  processing  functions. 
These  procedure  calls  allow  only  a  limited  number  of 
parameters  to  be  passed.  Our  original  drivers  assume  that 
the  interface  would  allow  a  significant  number  of 
parameters  to  be  passed  with  the  function  calls.  Initially 
we  thought  of  trying  to  bypass  the  built  in  driver  support 
library  and  communicate  via  a  lower  level  raw  message 
format.  But  one  of  the  many  technical  articles  available 
on  QNX’s  web  site  detailed  an  easy  method  to  extend  the 
driver  call  to  pass  the  parameters  we  required. 

One  of  the  unique  features  of  our  drivers  is  their  ability 
to  be  restarted  on  the  fly.  When  the  new  driver  is  started, 
it  requests  all  of  the  information  needed  to  restart  the 
driver  from  the  old  process.  The  old  driver  then  exits  and 
the  new  driver  is  able  to  initialize  without  modifying  the 
contents  of  the  board’s  registers. 


We  were  concerned  that  the  architecture  change  would 
cause  byte  order  problems.  The  Motorola  and  Intel 
processors  use  different  integer  byte  ordering.  The  VMIC 
board  has  on-board  hardware  to  automatically  correct  byte 
order  problems.  As  a  result,  all  but  one  of  our  drivers  were 
ported  without  any  special  consideration  to  byte  order. 
The  driver  that  had  difficulty  was  a  stepping  motor  driver 
that  required  four  byte  integers  to  be  written  to  a  byte 
wide  register. 

Polling  the  analog  input  boards  requires  several  percent 
of  the  CPU.  This  may  seem  curious  at  first  since  the  task 
does  not  require  much  processing.  Upon  further 
investigation  it  appears  to  be  caused  by  bus  throughput 
limitations.  Our  older  16  bit  VME  bus  can  only  transfer 
data  at  about  1 .2  MB  per  second. 

INSTALLATION 

The  VME  processor  boards  were  upgraded  over  a  nine- 
month  period.  During  that  time  both  the  new  and  old 
processors  were  used  together  in  the  control  system. 
Normally  the  processor  would  be  changed  during  the 
beginning  of  a  ring  development  period  coinciding  with 
other  work  on  the  ring.  After  initial  testing  the  system 
would  be  monitored  for  the  rest  of  the  development 
period.  If  no  problems  were  detected,  it  would  remain  on 
the  ring  during  the  user  period. 

One  of  the  VME  systems  developed  problems  after 
installation.  Approximately  once  a  week  the  system  will 
stop  servicing  interrupt  requests  on  the  VME  bus.  The 
system  is  nearly  identical  to  several  other  systems  that  do 
not  have  this  problem.  So  it  may  be  a  very  subtle  software 
bug  or  hardware  related  problem.  The  problem  is  too 
infrequent  to  isolate  during  development  periods.  The 
work  around  is  to  monitor  interrupts  in  the  PCI-VME 
Tundra  Universe  driver.  When  a  lockup  occurs,  a  shell 
script  is  spawned  to  kill  all  of  the  affected  drivers.  The 
drivers  are  then  restarted  within  in  about  a  second.  This  is 
done  without  losing  any  of  the  stored  beam.  A  small  delay 
may  occur  in  some  of  our  feedback  loops  but  it  should  be 
nearly  impossible  for  the  users  to  detect.  We  hope  to  have 
this  problem  fixed  soon  but  the  ability  of  QNX  to  restart 
drivers  without  rebooting  is  quite  impressive. 

CONTROL  SOFTWARE 

The  primary  program  used  to  operate  our  facility  is 
called  the  Page  Program.  The  program  is  very  easy  to  use 
and  its  tabular  appearance  allows  a  significant  amount  of 
information  to  be  neatly  displayed  on  the  screen.  Much  of 
its  basic  look  and  feel  has  not  changed  in  over  a  decade. 
Operators  like  the  consistency  of  the  user  interface.  But 
for  many  years  there  have  been  requests  to  improve  its 
primitive  built-in  scripting  language.  The  amount  of  work 
involved  seemed  considerable  due  to  the  program’s 
internal  dependence  on  its  own  scripting  language. 

We  did  have  another  method  to  develop  programs 
without  having  to  write  traditional  software.  In  the  mid 
1990’s  Lab  View  had  been  extended  to  allow  access  to  the 
control  system.  LabView  could  create  great  looking  GUI 
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screens  and  had  built  in  plotting  and  data  analysis.  Our 
beamlines  had  been  using  it  for  years  but  most  staff  are 
reluctant  to  use  it. 

THE  TOOLS 

There  are  several  open  source  scripting  languages  to 
choose  from.  Tcl/Tk  seems  to  be  very  popular  but  the 
syntax  is  very  similar  to  shell  scripts.  Python’s  syntax 
looked  appealing  due  to  its  greater  similarities  to  a 
traditional  programming  language  [5].  It  also  appeared  to 
have  more  libraries,  including  matrix  libraries. 

The  initial  choice  of  a  scripting  language  soon  became 
irrelevant.  SWIG  claims  to  allow  applications  to  be 
written  for  most  of  the  popular  scripting  languages  with 
only  minor  changes  [6].  Being  a  small  facility  we  only 
wanted  to  support  one  language.  SWIG  allowed  us  to 
initially  pick  any  language  we  wanted  without  the  risk  of 
making  die  wrong  choice. 

EMBEDDING  THE  LANGUAGE 

The  first  step  was  to  write  an  extension  for  Python 
Using  SWIG  After  only  a  couple  of  days  most  of  the 
common  operations  were  available,  such  as  reading  and 
writing  device  settings  and  device  database  queries.  The 
software  was  installed  on  one  workstation  and  a  notice 
was  e-mailed  to  a  small  group  of  staff  members.  The 
response  was  immediate  and  veiy  enthusiastic.  Several 
staff  members  dropped  their  current  projects  and  started 
experimenting  with  the  new  software.  Another  week  or 
two  was  spent  testing,  documenting  and  adding  new 
functions  to  this  extension.  The  DLL  extension  was  also 
used  to  enable  control  system  access  for  IGOR  and 
MATLAB. 

The  next  step  was  to  replace  the  primitive  scripting  in 
the  Page  Program.  This  proved  to  be  quite  simple  but  time 
consuming  due  to  the  number  of  functions  that  were 
created  for  Python.  Redirecting  Python  error  messages 
posed  a  slight  difficulty.  Python  documentation  explains 
the  procedure  but  the  task  could  be  made  a  bit  more 
straightforward.  It  is  also  possible  to  create  multiple 
threads  in  the  program  all  running  Python  scripts.  It  was 
decided  to  limit  the  program  to  only  one  thread  running  a 
Python  script  due  to  the  possible  confusion  it  could  create 
for  the  operators. 

The  final  step  was  to  translate  all  of  our  existing  scripts 
into  Python.  The  original  scripting  language  was  modeled 
after  VAX/VMS’s  Digital  Command  Language.  It  allowed 
command  options  to  be  placed  anywhere  in  the  command 
string.  In  only  a  few  hours  a  Python  script  was  written 
that  did  the  translation.  More  than  100  scripts  were 
translated  to  Python  in  a  single  afternoon. 

IMPLEMENTATION 

Surprisingly  most  of  the  initial  scripts  that  were  written 
performed  operations  that  were  already  available  in 
existing  software.  But  eventually  these  scripts  became 
building  blocks  for  larger  measurement  operations. 


Scripts  were  written  to  change  lattices,  apply  quadrupole 
corrections  and  start  orbit  feedback  and  undulator 
compensations  with  the  click  of  a  button.  Many  scripts  are 
so  complex  that  they  require  several  hours  to  execute. 
Scripts  have  also  been  used  to  create  feed  forward  control 
loops  for  newly  installed  hardware. 

The  original  work  on  creating  a  Python  extension 
proved  to  be  very  useful.  Initially  it  was  written  only  to 
experiment  with  the  scripting  language.  But  it  now  allows 
us  to  spawn  Python  scripts  that  are  independent  from  our 
main  control  program.  It  has  also  been  useful  for 
developing  new  scripts  during  user  periods.  Access  to  the 
control  system  is  prohibited  from  most  PCs  therefore 
initial  debugging  can  be  performed  on  them  without 
affecting  the  ring.  Access  control  will  be  expanded  in  the 
future  to  allow  limited  real-time  access  to  the  control 
system  from  these  systems. 

Excessive  reliance  on  scripting  for  normal  operation 
could  create  some  problems.  Operators  could  become 
complacent  and  would  be  less  likely  to  notice  problems 
unless  the  script  or  other  monitoring  software  detects 
them.  Operators  could  lose  the  ability  to  recover  from 
problems  if  a  routine  configuration  script  fails.  Operators 
need  to  review  the  procedures  frequently  and  stay 
informed  about  changes  to  maintain  their  skills. 

CONCLUSION 

Replacing  our  older  VME  processor  boards  has  brought 
increased  reliability  and  future  expandability.  Some  staff 
were  disappointed  that  they  did  not  detect  any  change 
after  the  upgrade.  Actually  the  primary  goal  of  the  project 
was  to  implement  the  change  without  disruption.  The 
initial  software  was  created  to  be  identical  to  the  old 
system  while  creating  a  base  of  expansion  for  years  to 
come. 

The  new  scripting  software  appears  to  be  serving  the 
needs  of  the  accelerator  development  group.  This  clearly 
demonstrates  that  ease  of  use  is  very  important  to  the 
acceptance  of  a  tool.  An  added  benefit  is  the  ability  to 
distribute  software  related  work  across  more  individuals. 
The  focus  of  the  controls  related  work  can  now  be  more 
concentrated  on  supplying  tools  for  the  operation  and 
accelerator  development  groups  rather  than  end  user 
applications. 
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Abstract 

To  enhance  hard  X-ray  production  in  the  1.5  GeV 
storage  ring  of  NSRRC  to  serve  the  rapidly  growing 
X-ray  user  community  in  Taiwan,  the  storage  ring  are 
planed  to  install  up  to  five  superconducting  insertion 
devices.  A  6  Tesla  superconducting  wavelength  shifter 
was  installed  in  mid-2002.  A  3.2  Tesla  superconducting 
multi-pole  wiggler  will  be  installed  in  the  fall  of  2003. 
The  project  for  the  other  three  multi-pole  wigglers  is 
launched.  The  control  system  had  been  implemented  to 
support  the  operation  of  the  superconducting  insertion 
devices.  The  control  system  play  a  role  to  coordinate  the 
operation  of  the  main  power  supply  and  the  trimming 
power  supplies  to  charge/discharge  the  magnet  and 
provide  interlock  protection  for  the  magnet  coils  and 
vacuum  ducts.  A  friendly  user  interface  and  various 
application  programs  are  used  to  support  routine 
operation.  Design  considerations  and  details  of  the 
implementation  are  also  presented. 

INTRODUCTION 

The  1.5  GeV  storage  ring  of  NSRRC  is  a  low-energy 
machine.  Superconducting  insertion  devices  have  been 
installed  to  increase  the  photon  flux  in  the  hard  X-ray 
spectral  range  and  thus  enhance  X-ray  production,  to 
meet  the  increasing  requirements  of  X-ray  users.  A 
compact  cryogen-ffee  6  Tesla  superconducting 
wavelength  shifter  (SWLS)  has  been  constructed  because 
of  the  limited  space  in  the  injection  straight  section  [1]. 
Plans  exist  to  install  four  superconducting  multi-pole 
wigglers.  One  (SMPW6)  has  a  designed  field  of  3.2  Tesla, 
a  period  of  6  cm,  and  32  poles;  it  will  be  installed  in  the 
fourth  straight  section  at  downstream  of  the 
superconducting  RF  cavity.  The  other  three  multi-pole 
wigglers  (SMPW-A)  are  planned  to  install  near  the 
second  bending  magnet  of  the  triple  bend  achromat 
sections  [2].  The  control  system  for  superconducting 
insertion  devices  is  a  VME  crate  based  system.  A 
PowerPC-based  VME  host  module  runs  a  LynxOS 
real-time  operating  system.  The  application  programs  and 
user  interface  of  the  control  system  are  implemented  for 
the  superconducting  insertion  devices  routine  operation 
and  data  acquisition. 

ELEMENTS  OF  THE  SUPERCONDUTING 
INSERTION  DEVICES  CONTROL 
SYSTEM 

The  basic  elements  of  a  superconducting  insertion 


devices  control  system  are  the  cryogenics  system 
monitoring,  the  liquid  level  control  of  the  cryogenics 
system,  charge/discharge  the  magnet,  quench  detector, 
interlock  logic  and  operation  interface.  Figure  1  illustrates 
the  structure  of  the  superconducting  insertion  devices 
control  system.  The  cryogenics  instruments  monitor  the 
parameters  of  the  cryogenics  system,  including 
temperature,  liquid  level,  gas  pressure  and  gas  flow  rate 
in  routine  operation.  Process  controllers  regulate  the 
liquid  helium  (LHe)  level  and  the  liquid  nitrogen  (LN2) 
level  in  the  cryostat.  The  main  power  supply  and  the 
trimming  power  supplies  are  coordinated  by  the  control 
system  to  charge/discharge  the  magnet  coils.  Two 
correctors  can  be  added  to  upstream  and  downstream  of 
the  insertion  devices  to  compensate  for  distortion  of  the 
beam  orbit.  Interlock  logic  protects  the  magnet  when  the 
coils  quench  and  protects  the  vacuum  ducts  from  damage 
by  a  mis-steered  beam.  The  user  interface  is  provided  in 
the  control  consoles.  Control  consoles  communicate  with 
the  VME  host  module  via  the  control  Ethernet. 


An»6.a02 


Figure  1.  Control  system  for  superconducting  insertion 
devices. 

IMPLEMENTATION  DETAILS 

The  control  system  for  superconducting  insertion 
devices  adopt  standard  VME  crate  running  a  real-time 
operating  system  as  a  local  controller.  The  crate  includes 
the  analog  input/output  module,  the  digital  input/output 
module  and  the  RS-232  interface  module.  The  local 
controller  organizes  the  power  supplies,  the  cryogenics 
instruments,  the  process  controllers,  the  quench  detector, 
and  the  interlock  logic.  Figure  2  shows  the  control  system 
for  SWLS  in  the  equipment  area  of  NSRRC. 
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Figure  2.  Control  system  of  the  SWLS. 


the  signal  of  the  quench  detector  to  trigger  the  protection 
logic  in  PLC.  The  voltage  signals  of  the  magnet  consist  of 
two  parts  -  one  is  across  the  charging  leads,  and  the  other 
is  across  the  coils.  These  signals  are  available  for  use  in 
interlock  logic. 


Cryogenics  Instrumentation 

The  cryogenics  instruments  include  a  temperature 
monitor,  level  meters  for  LHe  and  LN2,  pressure  meters 
for  He  gas  and  N2  gas,  a  vacuum  gauge,  a  flow  meter  of 
He  gas,  process  controllers  and  heaters.  A  LakeShore 
temperature  monitor  is  used  to  measure  the  temperature 
of  the  helium  space  and  the  vacuum  chamber.  The  SWLS 
is  cryogen-free  and  the  coils  are  cooled  by  a  cryocooler. 
The  coils  of  the  SMPW6  are  soaked  in  liquid  helium  to 
maintain  their  superconductivity.  The  cryogenics  plant 
provides  LHe  and  LN2  to  the  cryostat  of  SMPW6.  The 
PID  process  controllers  regulate  the  LHe  and  LN2  levels 
in  the  cryostat  and  the  liquid  levels  are  measure  by  the 
AMI  level  meters.  The  goal  is  to  maintain  the  level  of  the 
liquid  and  the  pressure  of  the  gas  at  constant  values.  The 
heaters  in  the  cryostat  are  to  warm  up  the  magnet  and 
bake  out  the  beam  tube. 

Power  Supply  Control 

A  bipolar  main  power  supply  and  trimming  power 
supplies  are  used  to  charge/discharge  the  magnet.  The 
output  current  of  the  trimming  power  supply  follows  the 
main  power  supply  to  nullify  the  first  field  integral.  If  the 
current  is  ramping  too  fast,  then  the  coils  will  generate 
excess  heat  and  make  increase  the  temperature.  In  routine 
operations,  the  slew  rate  of  the  main  power  supply  of  the 
SWLS  cannot  exceed  0.6  A/sec,  to  prevent  coils  quench. 

Quench  Protection  Circuit 

The  hardware  quench  protection  circuit  is  a  network 
of  R620  cold  diodes  and  5  m£2  stainless  steel  resistors 
that  connects  the  coils  to  limit  the  peak  voltage  when  the 
coils  quench.  The  diodes  do  not  conduct  in  the  routine 
operation.  When  the  coils  quench,  the  voltage  across  the 
coil  will  increase  quickly.  The  protection  diodes  will 
conduct  bypass  current.  The  resistors  in  series  with  the 
diodes  assist  in  dissipating  the  store  energy  in  the  coils. 
Figure  3.  shows  the  quench  protection  and  detector  circuit. 
A  traditionally  bridge  circuit  is  used  to  detect  a  quench. 
When  the  coils  of  magnets  approaches  quench,  unbalance 
of  the  coil  arm  voltage  and  the  resistor  arm  voltage  lead 


Figure  3.  Quench  protection  and  detector  circuit. 
Interlock  Protection 

The  interlock  logic  is  integrated  in  a  programmable 
logic  controller  (PLC)  [3].  The  PLC  collects  data  on  the 
temperature,  the  LHe  and  LN2  levels  and  the  pressures  of 
the  He  and  N2  gases  in  the  cryostat,  the  quench  detector 
and  the  lead  voltage  monitor  are  treated  as  hardware 
interlock  signals.  The  protective  actions  are  as  follows. 
When  the  temperature  in  the  He  space  exceeds  the  high 
limit  or  the  LHe  level  is  below  the  low  threshold  or  the 
quench  detector  triggers  the  interlock  logic,  shutting 
down  the  power  supply.  When  the  pressure  of  He  gas 
exceeds  the  high  limit,  the  LHe  supply  valve  is  closed  and 
the  power  supply  is  shut  down.  If  the  temperature  of  the 
vacuum  chamber  exceeds  the  high  threshold,  then  the 
control  system  will  shut  down  the  RF  system.  The 
software  interlock  logic  is  built  into  the  application 
programs.  The  power  supply  stops  charging  when  the 
temperature  in  the  He  space  is  too  high  or  the  LHe  level 
is  too  low. 

USERS’  INTERFACE  AND 
APPLICATIONS 

Application  programs  and  user  interfaces  are  provided 
to  support  routine  operation.  The  user  interface  of  the 
system  for  controlling  superconducting  insertion  devices 
has  two  pages.  On  the  first  page,  operators  can  monitor 
the  statuses  of  the  superconducting  insertion  devices  and 
set  the  output  current  and  slew  rate  of  the  power  supply. 
Figure  4  shows  this  page  for  SWLS.  The  second  page 
presents  the  interlock  status  and  the  alarm  limit.  The 
operator  can  set  the  alarm  limit  and  reset  the  interlock 
logic  on  this  page.  Figure  5  shows  the  second  page  of  the 
user  interface  for  SMPW6. 

CURRENT  STATUS 

Installation  of  SWLS  had  been  done  in  early  2002. 
Commissioning  has  been  finished  in  late  2002.  The 
control  system  of  SMPW6  is  being  implemented  and  will 
complete  in  June  2003.  Preliminary  design  of  the  control 
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Figure  4.  User  interface  for  routine  operation. 


Figure  5.  User  interface  for  presenting  interlock 
information. 


system  for  the  planned  SMPW-A  is  underway.  Ail 
superconducting  insertion  devices  share  a  common 
structure  for  ease  of  maintenance  and  operation. 
Following  example  summary  the  typical  SWLS  operation 
data  to  demonstrate  the  basic  functionalities  of  the  control 
system  include  control,  monitoring  and  archiving. 

Operational  experiences  of  SWLS  over  the  past  year 
confirm  that  the  control  system  is  reliable  and  easy  to 
operate.  A  procedure  for  operating  the  control  system  has 
been  provided.  The  top  plot  of  figure  6  shows  magnet 
current  of  a  typical  charge/discharge  cycle  of  SWLS. 
Magnet  current  charge  form  0  A  to  230  A  need  about  15 
minutes  and  the  discharge  from  230  A  to  0  A  need  about 
10  minutes.  Magnet  current  230  A  is  corresponding  to  5.3 
Tesla  field  strength.  The  middle  plot  shows  the  induced 
voltage  in  the  magnet  coils.  The  induced’  voltage  varies 
according  to  slew  rate  of  the  output  current.  The  bottom 
plot  of  figure  6  shows  that  the  temperature  of  magnet 
bottom  near  cold  head.  Figure  7  shows  the  achieve  data 
record  a  quench  event  of  SWLS.  In  the  top  plot,  when  the 
coil  quench  happen,  the  bridge  circuit  is  unbalance  and 


the  quench  detector  triggers  the  interlock  logic.  Middle 
plot  shows  a  quench  interlock  logic  trip  the  main  power 
supply  and  the  magnet  current  drop  to  0  A  within  a  couple 
of  seconds.  The  temperature  at  the  cryostat  rise  drastically 
due  the  stored  energy  of  the  magnet  is  dissipated  at  the 
quench  protection  circuitry,  which  mound  inside  the 
cryostat  as  shown  in  bottom  plot.  The  cooling  capability 
of  the  cryocooler  is  limited,  it  need  about  60  minutes  to 
return  to  nominal  operating  temperature. 


Figure  7.  Achieved  data  record  a  quench  event  of  SWLS. 

SUMMARY 


The  control  system  for  the  superconducting  insertion 
devices  is  implemented  to  support  the  routine  operation. 
Despite  there  are  some  difference  for  the  configuration  of 
the  magnet,  the  control  system  share  the  same  structure. 
Interlock  functions  is  implemented  by  a  fast  scan  PLC. 
The  operation  experiences  from  SWLS  show  the  system 
working  well  with  satisfied  performance.  Performance 
and  reliability  of  the  control  system  is  improved 
continuously  to  ensure  smooth  operation. 
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Abstract 

The  Jefferson  Lab  Cryomodule  Test  Facility  (CMTF) 
has  been  upgraded  to  test  and  commission  SNS  and 
CEBAF  Energy  Upgrade  cryomodules.  Part  of  the 
upgrade  was  to  modernize  the  superconducting  cavity 
instrumentation  and  control.  We  have  designed  a  VXI 
based  RF  control  system  exclusively  for  the  production 
testing  of  superconducting  cavities.  The  RF  system  can  be 
configured  to  work  either  in  Phase  Locked  Loop  (PLL)  or 
Self  Excited  Loop  (SEL)  mode.  It  can  be  used  to  drive 
either  SNS  805  MHz  or  CEBAF  Energy  Upgrade  1497 
MHz  superconducting  cavities  and  can  be  operated  in 
pulsed  or  continuous  wave  (CW)  mode.  The  base  design 
consists  of  RF-analog  and  digital  sections.  The  RF-analog 
section  includes  a  Voltage  Control  Oscillator  (VCO), 
phase  detector,  I&Q  modulator  and  “low  phase  shift” 
limiter.  The  digital  section  controls  the  analog  section 
and  includes  ADC,  FPGA,  and  DAC.  We  will  discuss  the 
design  of  the  RF  system  and  how  it  relates  to  the  support 
of  cavity  testing. 

INTRODUCTION 

The  present  RF  system  was  designed  to  control  RF 
signals  driving  two  types  of  cavities:  SNS  and  CEBAF 
upgrade  in  pulsed  or  CW  mode.  Table  1  contains  the  main 
parameters  of  these  cavities. 


*  Work  supported  by  the  U.S.  Department  of  Energy  under 
contract  DE-AC05-84ER401 50. 

^  email:  plawski@jlab.org 

# 

Coplanar  Waveguide  consists  of  two  slots  on  a  dielectric 
substrate  with  the  same  width 


The  initial  goal  of  the  system  was  to  build  a  generic,  VXI 
based,  remotely  and  locally  controlled  card  for  both  805 
and  1497  MHz  frequencies.  Later,  due  to  problems  with 
finding  an  appropriate  VCO  and  phase  shifter,  two 
separate  boards  were  designed  and  built.  To  reduce  noise 
on  the  board,  the  analog  section  is  separated  from  the 
digital  (separated  grounds).  For  all  RF  paths  50  ohm 
CPW#  lines  are  used. 


CONCEPTUAL  DESIGN 


Figure  1:  PLL  vs.  SEL 


Unlike  a  typical  RF  system  where  requirements  are 
defined  in  terms  of  amplitude  and  phase  stability,  the 
CMTF  RF  control  system  has  to  follow  the  cavity 
resonance  frequency,  which  due  to  high  Qext  is 
particularly  susceptible  to  microphonics  and  Lorentz 
forces  causing  its  fluctuations.  Two  modes  can  be  chosen: 
Phase  Locked  Loop  (PLL)  or  Self  Exciting  Loop  (SEL). 
Fig.  1  shows  these  two  setups.  The  PLL  system  requires  a 
frequency  source  (VCO)  and  phase  detector.  The  SEL, 
where  loop  gain>l  and  phase  shift  is  equal  2*7t*n,  will 
oscillate  by  itself  at  the  cavity  resonance  frequency.  In 
addition,  we  have  implemented  a  “low  phase  shift”  limiter 
to  protect  the  system  against  saturation  and  undesired 
phase  shift. 
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805/1497  MHz  PLL/SEL  system 


UNFIT  Q  INPUT  RFPE&M  TTLMQO 


Figure  2:  Block  diagram  of  the  RF  system 


RF  SYSTEM  we  have  chosen  two  types  of  VCOs  from  EMHISER 

MICRO-TECH: 

A  block  diagram  of  the  RF  system  is  shown  in  Fig.  2.  790-820  MHz/Phase  noise  @  10kHz  -95dBc 

Depending  on  connection  “dot-dash  or  dash  line”  the  two  1420-1540  MHz/Phase  noise  @  10kHz  -80dBc 
configurations  (PLL  and  SEL)  can  be  established.  A  passive,  double  balanced,  level  7  mixer  was 

Amplitude  and  phase  are  controlled  using  I  and  Q  implemented  as  a  phase  detector.  An  active,  1-pole  low 

modulation.  To  lock  the  system  in  PLL  mode,  initial  pass  filter  reduces  loop  bandwidth  to  30  kHz.  The 

tuning  of  the  VCO  frequency,  phase,  and  gain  is  required.  dynamic  range  and  the  stability  of  the  PLL  setup  were 

After  the  system  is  locked,  it  can  operate  in  pulse  or  CW  improved  by  implementation  of  the  additional  limiter  (see 

mode.  For  SEL  configuration,  the  start-up  process  is  Fig.  2).  Initials  problems  with  stability  and  EMI  noise 

statistical  in  nature  and  the  system  can  be  locked  to  modes  observed  on  the  first  version  of  the  board  were  reduced  by 

other  than  n  mode.  In  addition  a  seed  signal  can  be  improved  grounding  and  by  replacing  microstrip  line  with 

injected  to  accelerate  the  tuning  process.  The  Phase  CPW.  To  reduce  the  cost  of  production,  regular  6-layer 

Lacked  Loop  consists  of  a  voltage-controlled  oscillator,  a  FR-4  board  was  used.  The  effective  dielectric  constant  of 

phase  detector  and  a  low  pass  filter.  For  our  application  the  FR-4  substrate  was  measured  and  supplied  by  the 

manufacturer.  Figure  3  shows  measured,  forward. 
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reflected  and  gradient  signals  for  PLL  setup  and  pulse 
operation.  The  system  can  be  switched  between  pulse  and 
cw,  while  the  lock  remains  undisturbed.  Figure  4  shows 
measured,  forward,  reflected  and  gradient  signals  for  SEL 
setup  and  pulse  operation.  The  system  can  follow  changes 
in  resonance  frequency  even  when  the  cavity  is  detuned 
several  hundred  kHz  from  the  operational  frequency.  The 
start-up  process  is  fast  enough  (~10us)  for  a  1.2  ms  RF 
pulse. 


FORWARD&REFLECTED  POWER 


CONCLUSION 

The  presented  system  was  successfully  tested  and 
commissioned  in  the  CMTF  and  currently  is  used  in  the 
ciyomodule  testing  process  were  cavities  are  tested  under 
strong  coupling  conditions  and  for  high  power  pulses.  For 
static  and  dynamic  Lorentz  forces  measurements  different 
type  of  AM  modulation  were  used.  It  is  planned  to  use 
different  RF  parts  (phase  detector,  limiter)  according  to 
market  evaluation  to  achieve  larger  dynamic  range  and 
better  stability  of  the  system. 
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Figure  3.  Results  from  PLL  Setup 


FORWARD  and  REFLECTED  POWER 
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Figure  4:  Results  from  SEL  Setup 
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Abstract 

Louisiana  State  University  Center  for  Advanced 
Microstructures  and  Devices  (CAMD)  began  operations 
in  the  fall  of  1992.  At  the  time,  the  facility  had  separate 
control  systems  for  the  storage  ring  and  Linac.  In  1997, 
CAMD  began  a  control  system  upgrade  project  with  the 
goal  of  producing  a  single  unified  control  system  running 
on  the  PC/Linux  platform.  After  completion  of  the 
storage  ring  control  system,  the  Linac  control  system  was 
designed  utilizing  AutomationDirect.com  PLCs  for  the 
real-time  components,  and  PC/Linux  for  the  user 
interface.  The  new  Linac  control  system  has  been 
completed,  and  has  been  operational  since  July  2002. 
This  paper  will  discuss  the  objectives,  design,  and  future 
upgrade  plans  for  the  Linac  control  system,  as  well  as  the 
experiences  with  replacing  the  CGR-MeV  VME/OS/9 
control  system  with  a  PLC/PC/Linux  based  system. 

INTRODUCTION 

Efforts  to  integrate  the  VME/OS/9  based  CGR-MeV 
Linac  control  system  with  the  storage  ring  control  system 
had  been  difficult.  Though  OS/9  provided  basic  TCP/IP 
capabilities,  the  third-party  control  software  consumed 
essentially  100%  of  the  available  CPU.  Pinging  the  Linac 
control  system  resulted  in  the  expiration  of  watchdog 
timers,  which  in  turn  lead  to  a  shutdown  of  the  Linac. 

The  largest  problem  with  maintenance  of  the  system 
involved  documentation  and  spares.  Many  components  in 
the  system  were  undocumented  or  unidentifiable.  Efforts 
to  reverse  engineer  the  system  had  not  been  successful. 
Reliability  of  the  system  had  also  become  a  concern.  The 
components  were  almost  ten  years  old,  and  were  starting 
to  fail  on  a  regular  basis.  Luckily,  most  failures  were  in 
known  components.  However,  the  sense  of  impending 
failure  of  one  of  the  undocumented  or  unidentified 
components  forced  the  control  system  upgrade  to  become 
high  priority.  Given  the  inability  to  reverse  engineer 
these  components,  CAMD  decided  to  replace  the  control 
system  instead  of  attempting  to  upgrade  or  integrate  it. 

The  existing  VME  system  was  based  on  a  VME 
computer  with  custom  I/O  components.  A  custom 
scanner  card  in  the  VME  crate  communicated  with  the  I/O 
cards  via  a  50-pin  ribbon  cable  using  an  in-house 
protocol.  Each  I/O  card  was  homogenous  in  that  all 
digital  I/O  was  a  TTL  signal,  and  all  analog  I/O  utilized  a 
0-1 OV  signal.  The  cards  had  a  ribbon  cable  connector  on 
one  side,  and  connected  to  a  3U  Eurocard  backplane  that 
handled  all  incoming  and  outgoing  control  signals.  The 
backplane  then  connected  to  any  signal  specific  hardware 
necessary,  such  as  TTL  to  24V  contact  relays  or  voltage 
to  frequency  converters.  As  all  I/O  was  homogenous  at 


the  Eurocard  backplane,  this  was  the  point  at  which  the 
conversion  from  the  old  control  system  to  the  new  PLC 
system  would  take  place.  Special  cables  were  fabricated 
to  connect  D-shell  DIN-rail  breakout  boxes  to  the  96-pin 
backplane  connectors.  Using  this  setup,  the  new  control 
system  could  be  tested,  and  the  Linac  could  be  reverted  to 
the  old  control  system  simply  by  removing  the  adapter 
cables,  and  reinserting  the  I/O  cards  as  before. 

The  timing  system  was  based  on  yet  another 
undocumented  VME  card,  which  provided  fiber  optic 
outputs.  The  source  code  did  not  provide  a  clear 
description  of  how  the  timing  was  set,  so  the  timing  charts 
had  to  be  measured  externally.  However,  as  with  the 
Eurocard  backplane  connectors,  this  provided  the  ideal 
place  to  insert  the  new  timing  system  controls. 


HARDWARE  DESIGN 

The  system  was  architected  to  be  fully  distributed  so 
that  performance  problems  could  be  easily  addressed,  and 
additional  channels  could  be  added  quickly  (see  Figure  1). 
The  heart  of  the  architecture  was  separating  the  interlock 
code  from  the  code  that  checked  analog  signal  conditions. 
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Figure  1:  Linac  Control  System  Architecture 

One  PLC  is  dedicated  to  reading  analog  signals  and 
comparing  them  against  downloaded  upper  and  lower 
limits.  Out  of  limit  conditions  are  indicated  by  a  digital 
signal.  An  input  signal  is  provided  that  can  enable  or 
disable  checking  of  a  channel  so  that  an  out-of-range 
condition  is  not  generated  if  the  device  is  simply  turned 
off  as  opposed  to  faulted.  With  this  scheme,  performance 
of  the  analog  limit  checking  system  can  be  enhanced  by 
splitting  the  channels  into  more  CPUs  as  opposed  to  a 
single  CPU,  and  the  change  would  be  transparent  to  the 
rest  of  the  system.  Communication  with  the  user  interface 
PC  is  done  thru  dual-port  memory  provided  by  the  H4- 
ECOM  ethemet  interfaces. 
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The  second  PLC  is  dedicated  to  the  interlock  and 
control  tasks.  User  requests  to  turn  devices  on  are  inputs 
to  this  PLC.  If  all  interlocks  and  analog  signal  conditions 
are  met,  this  PLC  does  the  actual  turn  on.  In  the  event  of 
a  linac  problem,  it  turns  off  the  required  devices  and 
latches  the  fault  condition.  Ramping  of  devices  is  also 
performed  by  this  PLC.  As  with  the  analog  PLC,  the  user 
interface  PC  sends  commands  and  receives  status 
information  via  ethemet. 

A  third  PLC  provides  control  and  readback  of  any 
signals  which  are  not  involved  in  equipment  protection  or 
interlock  functions.  This  PLC  has  no  CPU,  but  provides 
only  a  "dumb"  interface  directly  from  ethemet  to  the  I/O. 

The  timing  system  consists  of  Stanford  Research 
Systems  DG535  Digital  Delay/Pulse  Generators,  with 
pulses  being  converted  from  TTL  to  fiber  by  a  dedicated 
chassis.  This  conversion  system  either  permits  or  disables 
pulses  based  on  input  from  the  interlock  PLC. 

Lastly,  all  system  digital  outputs  and  permits  are  fed 
thru  an  external  watchdog  system.  This  system  monitors 
clock  outputs  from  both  the  analog  limit  PLC  and  the 
interlock  PLC,  and  will  turn  off  all  outputs  and  permits  in 
the  event  of  the  failure  of  either  PLC. 

SOFTWARE  DESIGN 

The  CAMD  storage  ring  control  system  provides  a 
device  independent  applications  programming  interface 
where  device  specific  parameters  are  stored  in  a 
PostgreSQL  database  [1][2],  Device  support  for  both 
CPU  and  EBC  based  AutomationDirect  PLCs  and  SRS 
devices  were  already  provided  in  this  system[3]. 
Therefore,  to  accommodate  the  Linac  control  system  at 
the  raw  device  level,  only  updates  to  the  database  were 
required. 

Individual  parameter  control  was  accomplished  using 
the  ring  control  system’s  generic  “magnet  pages”.  These 
pages  utilize  channel  name  patterns  to  configure  the 
windows.  Given  a  list  of  “magnet”  names,  the  code 
searches  the  database  for  setpoint,  readback,  shunt,  and 
on/off  channels,  and  configures  the  window  and  code 
accordingly.  To  accommodate  the  Linac,  this  code 
needed  to  be  extended  to  handle  upper  limit,  lower  limit, 
out  of  range  indicators,  and  alternate  names  for  setpoints 
and  readbacks. 

To  minimize  operator  training  on  the  new  system,  the 
approach  chosen  for  the  main  user  interface  was  to 
“clone”  the  existing  CGR-MeV  interface  as  closely  as 
possible,  with  a  few  exceptions  (see  Figure  2).  The 
original  interface  provided  an  “on/off/reset”  view  of  each 
major  Linac  subsystem.  Only  one  button  from  the  list  of 
“on”,  “off’,  or  “reset”  was  active  at  any  given  time.  An 
“off’  button  of  either  green  or  yellow  would  distinguish 
between  “off/enabled”  and  “off/disabled”  conditions. 
Buttons  would  flash  to  indicate  on,  off,  or  reset  “in 
progress”  conditions.  Buttons,  as  well  as  all  related 
parameters  on  the  parameter  pages,  would  turn  red  on 
fault  conditions. 


Figure  2:  Control  System  User  Interface 

While  most  features  of  the  CGR-MeV  interface  were 
kept,  some  were  changed.  In  the  original  system,  the 
operator  was  required  to  switch  between  two  or  three 
pages  to  operate  the  Linac.  In  the  new  system,  a  single 
window  is  utilized.  A  limitation  of  the  original  system  is 
that  when  a  fault  occurred,  the  operator  had  to  search  thru 
several  pages  to  find  the  analog  signal  that  caused  the 
fault.  In  the  new  system,  the  signals  are  grouped  by 
which  ones  are  utilized  by  a  subsystem’s  interlock  logic. 
So,  if  a  certain  subsystem  is  faulted,  a  “View”  button 
launches  a  window  which  shows  the  status  of  all  signals 
which  are  related  to  that  subsystem  and  could  cause  the 
fault  condition.  For  subsystems  with  longer  timeouts  and 
warm-up  periods,  countdown  timers  were  added.  One  last 
enhancement  to  the  system  involves  operator  access  to 
parameters  such  as  upper  and  lower  limits,  and  not- 
commonly-used  parameters.  Global  access  to  these 
parameters  resulted  in  wildly  varying  linac  tunings,  and 
some  limits  being  so  large  as  to  be  ineffective.  Now, 
these  parameters  are  only  available  on  “Linac  Expert” 
pages,  and  are  under  configuration  management  control. 

INSTALLATION  AND  COMMISSIONING 

While  the  initial  shutdown  for  installation  of  the  Linac 
control  system  was  planned  for  one  week,  most  of  which 
was  dedicated  to  ring  vacuum  activities.  To  test  the  Linac 
with  beam  required  Radiation  Interlock  System  permits 
that  could  only  be  given  when  the  storage  ring  was 
searched  and  secured.  This  left  about  three  days  to 
commission  the  new  control  system  with  all  interlocks  in 
place.  To  accommodate  this  schedule,  all  components  of 
the  system  had  to  be  tested  before  the  shutdown,  leaving 
only  final  integration  tasks  until  the  last  minute. 

The  first  task  was  to  identify  all  operating  voltages  and 
voltage  ranges,  so  that  in  the  event  of  a  control  system 
failure,  a  known  “electrical”  state  could  be  recreated. 
Next  was  to  test  the  TTL-to-fiber  interface,  and  to  verify 
that  the  Linac  would  operate  using  SRS  pulse  generators. 
Since  operation  of  the  old  and  new  control  systems 
simultaneously  was  not  possible,  this  required  the  “human 
interlock”  approach. 

Analog  limit  checking  PLCs  were  tested  channel  by 
channel,  with  both  upper  and  lower  limits,  along  with 
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parameter  pages  and  database  entries.  Documentation  and 
wiring  lists  were  verified  as  part  of  this  task. 

Analog  and  digital  control  of  the  Linac  was  verified  in 
one  of  two  modes.  First,  the  old  control  system  would  be 
“in  charge”  of  the  interlocks,  and  the  new  system  would 
“steal”  as  many  signals  as  were  possible.  Secondly,  the 
old  control  system  would  not  be  used,  and  the  new  control 
system  would  rely  heavily  on  the  “human  interlock” 
approach. 

Finally,  by  the  first  day  of  the  shutdown,  all  systems 
except  the  interlock  PLC  had  been  verified.  As  luck 
would  have  it,  this  was  the  day  that  the  old  system  finally 
crashed.  Without  the  option  to  reverting  to  the  old 
system,  the  first  days  of  the  shutdown  were  spent  on 
Linac  controls  which  did  not  require  ring  security.  Most 
of  the  problems  encountered  were  of  one  of  two  forms: 
timing  issues  or  externally  disabled  hardware. 

Timing  issues  were  the  first  major  problem 
encountered.  The  solutions  were  mainly  tradeoffs 
between  the  length  of  time  waiting  for  a  system  to  reach  a 
steady  state,  and  how  soon  to  assume  it  was  broken  and 
engage  the  interlock  code. 

Most  other  problems  were  caused  by  a  history  of  being 
unfamiliar  with  the  old  Linac  control  system.  Due  to  the 
sensitivity  of  the  code,  the  lack  of  documentation,  and  the 
criticality  of  the  system,  no  changes  had  ever  been  made 
by  CAMD  staff  to  the  system.  If  the  system  needed  to  be 
changed  in  any  way,  it  was  either  done  by  widening  the 
analog  limits  to  almost  full  scale  or  “jumpering  out” 
external  relays.  This  led  to  a  large  number  of  disabled 
interlocks,  or  systems  whose  real  status  was  “faked”  as  far 
as  the  computer  was  concerned.  While  most  of  the  first 
steps  in  the  Linac  turn-on  sequence  had  “faked”  inputs, 
the  decision  was  made  to  write  and  test  the  interlock  code 
as  written,  so  that  minimal  changes  would  be  required 
later  on  when  the  external  problems  would  be  properly 
fixed  and  the  jumpers  removed. 

In  addition  to  providing  interlocks  that  verified  that 
systems  were  on  and  operating  properly,  we  also 
identified  the  requirement  to  check  that  systems  are 
actually  “off’.  In  addition  to  externally  jumpered  signals, 
we  also  discovered  that  the  “pull  up”  and  “pull  down” 
status  of  many  signals  were  incorrect.  Bad  connections  or 
failed  relays  caused  many  conditions  to  appear  as 
acceptable  when,  in  fact,  they  were  not.  Consequently, 
for  the  next  revision  of  the  design,  an  extensive  review  of 
the  electrical  signals  between  the  PLC  and  the  devices 
will  be  required.  Also,  alarm  capabilities  that  indicate 
that  “off’  commands  were  sent,  but  the  device  is  still  “on” 
will  be  required. 

The  Linac  controls  which  required  ring  security  were 
straightforward.  The  timing  system  had  already  been 
tested  with  the  old  system,  so  the  testing  was  mainly  an 
exercise  in  determining  the  proper  timing  for  the  warm-up 
vs.  interlock.  Scope  traces  and  analog  voltages  were 
compared  against  similar  values  from  the  old  system  as 
commissioning  proceeded,  so  only  mild  optimization  of 


the  pulses,  timing,  and  setpoints  were  required  in  later 
stages.  Finally,  six  days  into  the  shutdown,  we  had  Linac 
beam  injected  into  the  storage  ring,  and  were  able  to  begin 
recommissioning  the  storage  ring  after  the  vacuum 
intrusion. 

RESULTS  AND  FUTURE  PLANS 

The  performance  of  the  PLC  control  system  is  on 
target.  The  goal  is  to  detect  faults  in  time  to  stop  the  next 
Linac  pulse,  occurring  at  a  10Hz  rate.  After  analyzing  the 
running  system,  the  Interlock  and  Analog  Limit  PLCs 
have  average  scan  times  of  12ms  and  63ms.  The  F4-SDN 
modules  provide  a  real-time  network  with  a  transmission 
time  of  32ms,  producing  a  total  average  time  of  107ms. 
In  the  scope  of  the  project,  these  timings  were  considered 
adequate  for  the  first  phase.  Future  upgrades  could 
significantly  improve  this  number  by  upgrading  the 
Analog  Limit  PLC  architecture  from  a  one  CPU,  two 
expansion  base  model  to  a  three  independent  CPU  model. 

The  PLC  system  was  “spliced  in”  at  a  homogenous, 
standard  electrical  interface  that  provided  easy  integration 
and  the  ability  to  switch  back  and  forth  between  the  old 
and  new  systems  for  testing.  However,  this  method 
exposed  several  limitations  in  the  rest  of  the  Linac  tunnel, 
such  as  hardwired  status  signals,  jumpered  out  relays,  and 
incorrect  “pull  up”  and  “pull  down”  configurations.  As 
most  of  these  “fixes”  were  put  in  place  due  to  a  lack  of 
ability  to  modify  the  existing  system,  they  can  now  be 
fixed  properly  with  the  completion  of  the  upgrade. 

Linac  alarms  are  now  possible.  The  first  critical  need  is 
alarms  that  indicate  that  “off’  commands  were  successful. 
As  we  have  seen  during  commissioning,  failures  of  relays 
and  other  hardware  between  the  PLC  system  and  the 
controlled  devices  reduce  the  reliability  of  the  overall 
system.  Wiring  and  intervening  devices  should  be 
simplified  and  corrected  as  one  of  the  first  upgrades. 
Other  planned  hardware  upgrades  include  the  Linac 
energy  upgrade,  the  klystron  focusing  power  supply 
replacement  project,  and  water  cooling  upgrade  project. 

Software  upgrades  that  are  planned  are  automated  pulse 
optimization,  tuning,  and  operations  procedures  such  as 
on,  off,  and  standby  modes.  Enhanced  logging  of  Linac 
parameters  and  waveforms  are  also  planned. 
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CROSS  PLATFORM  SCA  COMPONENT 
USING  C++  BUILDER  AND  KYLIX* 
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Abstract 

A  cross-platform  component  for  EPICS  Simple  Channel 
Access  (SCA)  has  been  developed.  EPICS  client  programs 
with  GUI  become  portable  at  their  C++  source-code  level 
both  on  Windows  and  Linux  by  using  Borland  C++  Builder 
6  and  Kylix  3  on  these  platforms  respectively. 

INTRODUCTION 

The  Advanced  Light  Source  (ALS)  control  system  is  mi¬ 
grating  from  its  original  x86-based  system[ll  to  an  EPICS- 
based  system[2].  To  ease  the  migration  of  existing  appli¬ 
cations  to  EPICS  for  the  application  developers,  a  client 
API  library  called  Simple  Channel  Access  (SCA)  was  de¬ 
veloped.  Subsequently,  SCA  was  packaged  as  a  Java  Na¬ 
tive  Interface  and  later,  using  the  same  interface,  as  an 
ActiveX  component  for  the  Windows  platform  (SCAcom 
[3]  [4]).  This  re-packaging  makes  the  underlying  SCA  a  bet¬ 
ter  fit  for  both  the  Java  environment  and  for  the  numerous 
development  tools  on  Windows:  Visual  C++,  Visual  Basic, 
Borland  Delphi/C++  Builder  and  Lab  View. 

Recently  we  packaged  SCAcom  to  make  it  available 
both  to  Delphi  6  for  Windows  and  to  Kylix  2  for  Red- 
hat  Linux  7.3.  These  tools  support  development  of  native 
and  portable  applications  across  platforms  using  a  frame¬ 
work  called  the  Component  Library  for  Cross-Platform 
(CLX)  covering  advanced  GUI,  database  and  network  ac¬ 
cesses.  On  Delphi,  the  ActiveX  control  SCAcom  was  im¬ 
ported  into  a  custom  CLX  component  called  SCAclx[5]. 
For  Kylix,  SCAcom  required  some  re-writing  (keeping  the 
same  properties  and  methods)  for  compiling  in  gcc  instead 
of  importing  SCAcom.  With  the  release  of  Kylix  3,  CLX  is 
supported  in  the  Borland  C++  environments  (C++  Builder 
6.0  on  Windows  2000  and  Kylix  3.0  C++  Builder  on  Red- 
hat  Linux  8.0)  extending  the  access  to  SCAclx  to  C++  ap¬ 
plications. 

SCACLX  COMPONENT 

CLX:  Cross  Platform  Environment 

Component  Library  for  Cross-platform  (CLX)  is  a 
framework  and  component  library  from  Borland[6]  shared 
by  its  development  tools  Delphi  and  C++  Builder  on  Win¬ 
dows  and  Kylix  on  Linux.  A  C++  program  developed  on 
Windows,  as  a  CLX  application  in  C++  Builder  6.0  can 
also  be  built  to  run  natively  on  Linux  (and  visa  versa). 

*  This  work  was  supported  by  the  Director,  Office  of  Energy  Research, 
Office  of  Basic  Energy  Sciences,  Material  Sciences  Division,  U.  S.  De¬ 
partment  of  Energy,  under  Contract  No.  DE-AC03-76SF00098 


These  portable  programs  can  also  make  use  of  advanced 
GUI,  database  and  network  accesses  routines.  By  creating 
a  custom  CLX  component  (SCAclx)  for  channel  access,  the 
same  source  code  for  channel  access  client  programs  can  be 
built  to  native  code  for  both  Redhat  Linux  and  Windows. 

Porting  SCAcom  to  SCAclx  in  C++ 

The  ActiveX  control,  SCAcom,  was  built  with  Visual 
C++  6.0.  We  took  the  C++  source  code  of  SCAcom 
and  modified  it  to  create  a  CLX  component  called  SCA¬ 
clx  by  using  Borland  C++  Builder  6.0  on  Windows.  Af¬ 
ter  confirming  its  function  on  Windows,  the  source  code 
was  moved  to  Linux  and  recompiled  under  Kylix  3.0  C++ 
Builder.  At  the  platform  specific  level,  SCAclx  calls  the 
same  dynamic-link  libraries  (DLL)  that  implements  the 
ActiveX  control  installed  on  each  Windows  machine  in  the 
control  room.  On  Linux,  SCAclx  calls  into  a  shared-object 
libscaclx.a  which  in  turn  depends  on  the  channel  access  and 
simple  channel  access  libraries  sca.a,  ca.a  and  Com.a.  Fig.l 
shows  these  layers.  Compared  to  our  previous  implementa¬ 
tion  of  SCAclx  in  Delphi,  the  implementation  in  C++  was 
much  simpler.  In  addition  to  the  portability  of  client  pro¬ 
grams,  the  source  of  SCAclx  itself  became  portable. 


_ Windows _ | _ Linux 

Win32  |  CLX 


.  Sea  QSCAclx 

ActiveX  Control  CLX  Component 

SCAcom.  ocx 

libscaclx.so 

SCA.dl! 

libsca.a 

CA.dll  Com.dll 

libca.a  libCom.a 

Figure  1:  SCAclx  and  Libraries 


Functions  of  SCAclx 

The  following  members  functions  and  properties  have 
been  implemented  in  SCAclx. 

•  published  property  bool  GroupCall 

•  published  property  bool  SetEnabled 

•  public  int  Status 

•  void  addlnt321tem( AnsiString  pvname); 

•  void  addDoubleItem(AnsiString  pvname); 

•  double  getDouble(AnsiString  pvname); 

•  int  getInt32(AnsiString  pvname); 

•  void  setDouble(  AnsiString  pvname,double  value); 

•  void  setInt32(AnsiString  pvname, int  value); 
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The  property  GroupCall  is  used  to  turn  on  or  off  the 
group  access  mode  that  becomes  important  when  many 
channels  are  added.  SetEnabled  is  for  the  debugging  to  dis¬ 
able  accidental  value  settings.  A  data  member  Status  holds 
the  status  of  the  last  EPICS  call.  The  group  name  is  taken 
from  the  component  instance  name  property  therefore  it  is 
not  included  here. 


Figure  5:  SCAclx  on  Linux  at  Run  Time 


USING  SCACLX 

Once  the  newly  developed  SCAclx  component  is  in¬ 
stalled  in  both  development  environments,  we  can  develop 
an  EPICS  client  programs  as  CLX  programs  taking  advan¬ 
tage  of  the  other  features  with  a  provided  by  CLX  compo¬ 
nents  including  GUI,  database  access  and  networking.  (We 
prefer  to  develop  in  the  Windows  environment  since  Kylix 
has  more  features).  The  following  example  was  written  to 
demonstrate  application  portability.  It  reads  and  displays 
8  vacuum  values.  We  first  developed  it  on  Windows(see 
Fig-2)  and  rebuilt  it  on  Linux  (see  Fig.3).  Fig.4  shows 
this  application  running  on  Windows  and  Fig.5  shows  it 
on  Linux. 
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Figure  2:  SCAclx  on  Windows  at  Design  Time 
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Figure  3:  SCAclx  on  Linux  at  Design  Time 


CONCLUSION 

The  ActiveX  component,  SCAcom,  has  been  ported  to 
as  a  cross-platform  CLX  component  called  SCAclx.  This 
component  can  now  be  used  to  build  native  Windows  and 
Linux  C++  programs.  Compared  with  our  previous  ef¬ 
fort  of  porting  it  for  the  Delphi  Pascal,  it  much  simpler  in 
C++.  Without  using  interpreter  languages,  we  can  support 
EPICS  client  program  development  in  C++  on  both  Win¬ 
dows  and  Linux  without  compromising  the  robustness  and 
performance 
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Abstract 

A  control  system  for  SAGA  Synchrotron  Light  Source 
has  been  designed.  The  system  consists  of  PC-IOC  with 
off-the-shelf  IO  devices,  console  computer,  and  network. 
Industrial  IO  device,  FieldPoint  (National  Instruments) 
and  PLC  with  Ethernet  module  (Yokogawa,  FA-M3)  will 
be  employed  as  the  off-the-shelf  IO  devices.  Ethernet 
channel  access  for  PC,  ActiveX  CA,  will  be  used  for  the 
network  protocol.  The  server-client  applications  will 
mainly  be  developed  by  LabView.  Field  tests  for 
prototype  systems  have  been  done  in  the  KU-FEL  Linac 
at  LAE,  Kyoto  University  and  the  storage  ring  TERAS  at 
National  Institute  of  Advanced  Industrial  Science  and 
Technology  (AIST).  Those  tests  show  that  the  system  is 
suitable  for  a  small-to-medium  size  control  system. 

INTRODUCTION 

The  SAGA  synchrotron  light  source  (SAGA-LS)  is  the 
light  source,  which  is  designed  and  constructed  by  a  local 
Japanese  government  [1].  The  construction  has  been 
started,  and  the  main  components  of  the  light  source  will 
be  installed  during  the  year  2003.  An  important  issue  on 
this  facility  is  its  tightly  restricted  budget  and,  hence,  the 
limited  number  of  staff  in  the  facility.  Thus,  the  control 
system  for  SAGA-LS  should  be  simple  and  robust,  while 
inexpensive,  easy  to  develop,  maintain  and  expandable. 
The  use  of  the  off-the-shelf  products  and  PC  brings  us  a 
solution  to  this  problem. 

The  PC  control  system  is  widely  used  in  many  facilities 
[2]  because  of  a  very  high  cost  performance  of  PC.  On  the 
other  hand,  there  are  sophisticated  and  well-established 
control  systems  based  on  workstations,  such  as  EPICS, 
which  have  been  used  in  many  accelerator  facilities. 
Because  a  large  number  of  hardware  drivers  and  utility 
software  are  available  for  EPICS  system,  it  is  an  efficient 
way  to  use  those  resources  to  design  a  control  system. 
Since  EPICS  also  runs  on  a  PC-UNIX  system,  a  PC-based 
EPICS  system  is  one  of  the  solutions.  However,  it  is 
difficult  to  modify  and  expand  the  EPICS  system  with  the 
limited  number  of  the  staff.  Fortunately,  the  number  of  the 
control  items  of  the  SAGA-SL  is  about  500  and  there  are 
very  few  demands  for  real-time  control.  So,  we  designed 
a  Windows  PC-based  control  system  which  only  uses  the 
EPICS  channel  access  (CA).  There  are  many  excellent 
works  to  develop  CA  components  for  the  PC-Windows 
environment  [3].  ActiveX  CA  [4]  is  one  of  such 
component.  PC  running  the  ActiveX  CA  server  with  off- 
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Figure  1:  Schematic  drawing  of  the  SAGA-SL  control 
system 

the-shelf  IO  devices  works  as  a  PC  IO  controller  (PC- 
IOC)  [5].  Because  the  data  communication  protocol  is 
EPICS  CA,  we  can  use  the  existing  EPICS  tools  and,  off 
course,  in-house  applications. 

In  this  paper,  we  will  describe  the  system  design  and 
the  field  tests  of  the  prototype  systems  in  KU-FEL  facility 
[6]  at  IAE,  Kyoto  University  and  in  the  storage  ring 
TERAS  [7]  at  National  Institute  of  Advanced  Industrial 
Science  and  Technology  (AIST). 

SYSTEM  DESCRIPTION 

The  system  consists  of  PC-IOC  connected  to  the  off- 
the-shelf  IO  devices  (CA  server),  console  PC  (CA  client), 
and  Ethernet  LAN.  Fig.l  displays  the  schematic  drawing 
of  the  system. 

PC-IOC 

A  PC  with  slot  IO  cards  is  a  cost  effective  off-the-shelf 
IO  device  [7].  However,  there  are  problems  on  this 
configuration:  the  reliability  of  the  IO  card  is  not  so  high, 
and  that  the  system  operator  has  to  keep  up  with  the  speed 
of  the  update  of  version  of  the  OS  and  the  hardware 
drivers.  So,  we  chose  the  industrial  IO  devices,  because 
the  industrial  IO  device  is  reliable,  and  the  product 
lifetime  is  longer  than  the  PC  IO  card.  Recent  industrial 
IO  devices  have  their  Ethernet  modules,  and  this  means 
that  we  can  construct  the  IOC  only  with  such  off-the-shelf 
devices.  Then,  the  control  system  will  be  free  from  the  PC 
update  problem.  However,  we  put  PCs  between  the 
console  computer  and  the  IO  device  because: 

1)  PC  can  be  used  to  convert  the  IO  device  parameter 

into  the  physical  one. 
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2)  PC  can  be  used  as  a  local  monitor  during  installation 

and  maintenance. 

3)  PC  works  as  the  IOC  for  GPIB  and  non-Ethernet 

devices. 

4)  The  device  LAN  should  be  separated  from  the 

facility  LAN  to  secure  the  network. 

FieldPoint  (National  Instruments)  is  a  candidate  for  the 
10  devices,  because  of  its  reliability  and  hot  plug  and  play 
operation.  While  a  severe  real-time  control  is  not  required 
for  the  SAGA-LS,  a  synchronous  control  is  required  for 
the  magnet  control  of  the  storage  ring  during  the  energy 
ramping.  We  will  use  FA-M3  PLC  (Yokogawa  Co.,  Ltd.), 
which  can  perform  the  preloaded  ramping  pattern  via 
Ethernet  command  [8],  for  the  magnet  10  device. 

There  will  be  about  ten  Windows  2000  PCs  for  the  PC- 
IOC  that  are  equipped  with  ActiveX  CA  servers.  The 
server  applications  will  mainly  be  developed  by  Lab  View 
(National  Instruments). 

LAN 

The  data  communication  between  the  PC-IOC  (server) 
and  the  console  PC  (client)  is  done  via  100  Mbps  LAN, 
which  will  be  installed  in  the  whole  facility  (facility 
LAN).  On  the  other  hand,  the  data  communication 
between  the  PC-IOC  and  the  IO  device  is  done  via  100 
Mbps  LAN  which  is  locally  wired  in  the  machine  room 
(device  LAN).  Thus,  the  PC-IOC  acts  as  a  gateway 
machine  between  two  different  LANs.  The  facility  LAN 
is  connected  to  the  Internet  passing  through  a  router 
which  protects  the  facility  LAN  from  the  outside.  The  SR 
users  can  get  the  machine  status  from  a  data  archive 
system  which  periodically  records  the  CA  Process 
Variables  (PVs).  An  intra-web  server  and  web  browser 
will  be  used  to  extract  information  from  the  database. 
Undulator  user  will  be  able  to  access  to  the  undulator  PVs, 
corrector  magnets  and  tune  correction  quadrupoles. 

Console  PC 

Since  EPICS  CA  will  be  used  as  a  communication 
protocol,  both  UNIX  workstation  and  PC  can  be  used  for 
the  console  computer.  But  we  will  mainly  use  Windows 
PC  which  has  high  cost-performance  and  familiarity  for 
un-trained  operators.  The  ActiveX  CA  client  will  be  used 
to  access  the  PVs.  Console  applications  are  developed  by 
Lab  View  and  some  other  GUI  tools,  i.e.  Delphi,  MS- 
Visual  Basic.  The  data  archive  system,  which  records 
control  parameters  and  delivers  the  machine  status,  will 
be  installed  in  the  system.  MS-Access  is  a  candidate  of 
the  system.  A  small  look-up  table,  which  stores  the  latest 
snapshot  of  the  control  devices,  is  also  put  in  the  database. 

FIELD  TESTS 

The  prototype  systems  have  been  tested  in  two 
accelerator  facilities,  KU-FEL  facility  and  AIST  storage 
ring  facility. 


100Mbps  10Mbps 


Figure  2:  Block  diagram  of  the  IAE  magnet  control 
system. 


KU-FEL  facility 

KU-FEL  is  a  compact  and  economical  FEL  facility 
in  the  Institute  of  Advanced  Energy,  Kyoto  University. 
The  purpose  of  the  KU-FEL  is  to  establish  Linac-FEL 
techniques  for  industrial  and  to  explore  new  application 
fields  especially  in  advanced  energy  science.  The 
machine  is  under  construction,  and  the  electron  beam  of 
20  ~  40  MeV  will  be  provided  by  an  S-band  linac  with  an 
RF  gun  in  this  year.  A  control  system  using  the  ActiveX 
CA  has  been  developed  as  a  prototype  system  of  the 
SAGA-SL.  The  system  has  been  installed  on  a  gun 
cathode,  magnets,  and  vacuum  monitors.  The  block 
diagram  of  the  IAE  magnet  control  system  is  shown  in 
fig.2.  FieldPoint  Ethernet  modules  (FP-2000)  and  analog 
AI/AO  modules  (FP-AI-110/AO-210)  are  used  as  the  IO 
devices.  Relay  modules  (FP-RLY-420)  are  also  used  for 
polarity  control  of  the  steering  magnets.  The  number  of 
PVs  is  about  100.  The  PV  server  and  PV  client 
applications  have  been  developed  by  Lab  View.  The  ’PV 
get’  frequency  of  4  Hz  and  ’PV  put'  frequency  of  2  Hz  are 
easily  achieved  by  using  200-300  MHz  Windows 
machines  connected  to  10  Mbps  LAN.  The  maximum 
transmission  rate  is  almost  250  Hz  for  one  PV  channel. 
These  response  is  enough  fast  for  the  daily  operation.  A 
data  archive  system  has  been  installed  in  the  system,  and 
MS-Access  database  is  used  for  this  purpose.  LabView 
database  connectivity  tools  add-on  is  employed  to  archive 
the  PVs.  The  historical  trend  charts  generated  by  MS- 
Access  are  available  on  any  network  PCs.  The  look-up 
table  which  shows  the  latest  control  parameters  for  the 
magnet  is  also  drawn  by  the  MS-Access  database. 

AIST  storage  ring  TERAS 

The  storage  ring  TERAS  at  AIST  is  a  small  synchrotron 
radiation  source.  Electron  beam  is  injected  by  a  300  MeV 
linac.  The  storage  ring  is  operated  from  200  MeV  to  800 
MeV  depending  on  the  user’s  request.  The  electron  orbit 
is  sometimes  tuned  to  fit  to  a  specific  operation  mode. 
The  PC  based  distributed  control  system  has  been 
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100Mbps 

LAN 


Figure  3:  Block  diagram  of  the  AIST  control  system  at 
the  present  stage. 


developed  [6].  The  system  consist  of  PC-IOC,  console  PC, 
and  LAN.  Figure  3  shows  the  block  diagram  of  the  AIST 
control  system.  The  PC  10  card,  which  is  directly  inserted 
in  the  PC  expansion  slot,  is  used  for  the  10  device.  IP 
socket  is  used  for  the  client-server  communication 
protocol.  Because  the  system  has  been  developed  since 
1997,  several  PCs  are  already  out  of  date.  We  have  to  re¬ 
calibrate  the  DAC  and  ADC  on  PC  10  cards  when  they 
are  replaced,  because  low-cost  PC  10  cards  do  not  certify 
the  AD/DA  values,  and  that  process  affects  significantly 
the  accelerator  operation.  So,  we  upgrade  the  vacuum 
monitor,  and  the  RF  control  system  using  FieldPoint 
modules.  AcitiveX  CA  system  has  also  been  tested  for  the 
data  communication  between  the  server  and  the  client. 
Two  PC-IOCs  have  been  installed  with  two  FP-1600 
Ethernet  modules.  The  RF  control  system  has  a  feedback 
loop  to  stabilize  the  intra-cavity  RF  power.  The  updated 
control  system  works  for  5  Hz  feedback-loop  which  is 
fast  enough  for  a  stable  operation  of  the  storage  ring.  The 
vacuum  monitor  runs  in  2Hz  updating  frequency,  which  is 
also  fast  enough  for  a  practical  use.  A  PARADOX 
database  has  been  used  for  the  original  control  system 
because  the  applications  were  developed  by  DELPHI. 
Since  the  ActiveX  CA  is  also  available  in  DELPHI,  we 
continuously  use  the  PARADOX  for  the  data  archive 
system. 

CONCLUSION 

The  control  system  of  SAGA-SL  has  been  designed. 
We  will  be  able  to  develop  a  simple  and  robust  control 
system  with  a  reasonable  cost  by  using  ActiveX  CA 
component,  LabView  programming  environment,  and 
industrial  10  device.  Easy  development,  maintenance,  and 
expansion  of  the  control  system,  will  also  be  achieved,  at 
the  same  time.  The  total  number  of  control  items  will  be 
about  500,  and  most  of  them  do  not  require  the  severe 
real-time  control.  Thus,  the  system  consists  of  PC 
connected  to  off-the-shelf  10  devices  (PC-IOC),  which 


communicates  via  EPICS  CA,  console  PC,  and  Ethernet 
LAN.  The  prototype  systems,  which  consist  of  the 
ActiveX  CA  and  FieldPoint,  have  been  tested  in  IAE 
Linac  and  AIST  storage  ring.  The  result  of  the  system  test 
shows  enough  performance  in  each  facility.  So,  we  will 
try  to  use  this  configuration  in  the  commissioning  of  the 
SAGA-SL.  However,  we  will  need  further  tests  and 
discussions  about  the  communication  protocol  and  the 
database  system  for  the  routine  operation  of  SAGA-SL, 
because  the  number  of  the  control  items  is  larger  than  that 
of  these  two  test  facilities.  We  tried  another  approach, 
OPC  (OLE  for  process  control),  to  the  network 
communication.  OPC  is  widely  used  in  industrial  field  [9]. 
FieldPoint  and  FA-M3  have  ready-to-use  OPC  server  and 
we  can  access  to  the  device  directly  from  network.  In  a 
preliminary  test  of  the  OPC  server  with  LabView  client, 
we  found  a  very  smooth  response  between  them.  The 
other  candidate  is  TACO  developed  in  ESRF  [10]. 
Several  accelerator  facilities  adopt  the  TACO  system  [11] 
and  one  can  develop  an  appropriate  system  with  the 
common  control  resources. 
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Abstract 

Installation  of  the  magnets  in  the  SNS-Ring,  or  any 
accelerator,  requires  quality  assurance  to  minimize  prob¬ 
lems.  The  geometry  of  the  ring  was  frozen  and  the  dipole 
length  was  adjusted  to  reflect  the  measured  dipoles  mag¬ 
netic  length  to  aid  the  installation  process.  The  approach 
established  here  is  based  on  the  Magnet  Acceptance  pro¬ 
cedures  used  for  RHIC  [1].  The  magnets  are  first  mea¬ 
sured  and  checked  on  the  bench  for  mechanical  and  electri¬ 
cal  characteristics,  field  strength,  multipole  strengths,  sur¬ 
vey,  etc.  Each  group  performing  these  measurements  de¬ 
termines  whether  the  magnet  is  within  the  design  specifi¬ 
cations.  A  magnet  that  passes  is  accepted.  A  magnet  that 
fails  may  be  accepted  if  the  problem  can  be  either  repaired 
or  reworked  and  retested  to  specifications.  Such  a  magnet  is 
classified  as  a  spare  or  fixed.  Furthermore,  once  accepted, 
these  magnets  are  assembled  into  units  such  as  the  full  half 
cell  assemblies  before  being  shipped  for  installation.  These 
assemblies  have  a  checkout  list  as  well. 

INTRODUCTION 

The  process  of  installing  magnets  in  the  SNS-Ring  (or 
any  accelerator)  requires  that  any  problems  be  identified 
and  resolved.  A  system  of  checking  is  proposed  to  identify 
any  problems  that  may  arise.  A  determination  of  whether 
this  problem  is  a  show  stopper  and  must  be  fixed  or  can  be 
handled  by  simpler  means  is  then  addressed.  In  this  paper 
we  discuss  our  approach.  We  start  with  the  geometry  of  the 
SNS-Ring,  then  we  describe  the  method  used  to  identify 
problems. 

RING  GEOMETRY 

Before  installing  the  SNS-Ring,  the  geometry  must  be 
agreed  upon  and  fixed.  The  geometry  consists  of  the  ring 
dimensions  and  the  coordinates  of  the  center  of  the  ring. 
Since  the  geometry  of  the  HEBT  and  RTBT  lines  are  al¬ 
ready  established,  the  SNS-Ring  geometry  must  not  be 
changed. 

Ring  Dimensions 

When  the  SNS-Ring  was  originally  designed  the  dipoles 
were  assumed  to  be  1.5m  long.  After  some  dipoles  were 

*SNS  is  managed  by  UT-Battelle,  LLC,  under  contract  DE-AC05- 
OOOR22725  for  the  U.S.  Department  of  Energy.  SNS  is  a  partnership 
of  six  national  laboratories:  Argonne,  Brookhaven,  Jefferson,  Lawrence 
Berkeley,  Los  Alamos,  and  Oak  Ridge 


Figure  1:  Schematic  of  the  dipole  showing  the  beam  direc¬ 
tion  and  the  two  intersecting  tangents  (PI).  Fixing  the  PI 
point  freezes  the  geometry. 

built  and  their  lengths  measured,  the  magnetic  length  was 
somewhat  shorter.  We  agreed  to  choose  the  SD1717  dipole 
to  be  the  standard.  The  magnetic  length  of  this  dipole  is 
measured  to  be  1.4407m.  Replacing  these  design  magnets 
with  the  shorter  magnets  and  adjusting  the  drift  spaces  to 
fix  the  circumference  leads  to  a  change  in  the  geometry. 

To  fix  the  geometry  the  drift  spaces  about  the  dipoles 
must  be  adjusted  differently.  Consider  the  schematic  of  the 
dipole  shown  in  Fig.  1.  If  the  length,  s,  changes  and  the 
PI  point  (Point  of  tangent  Intersection)  stays  fixed,  then  the 
angle  must  be  the  same  as: 

s  =  p9  so—  po0 

where  s0  is  the  length  of  the  design  dipole.  The  length  from 
either  end  of  the  dipole  to  the  PI  point  is: 

0  0 
l  =  P  tan(-)  Z0  =  A>tan(~) 

Thus,  the  change  to  the  drift  space  length  on  both  sides  of 
the  dipole  due  to  a  change  in  the  dipole  length  leads  to: 

Ad  —  lo~~  l  —  — -  ■  S  tan(^) 

v  2 

When  applied  to  the  SNS-Ring  the  circumference  be¬ 
comes  248.00612m. 

Ring  Center 

The  center  for  the  SNS-Ring  is  fixed  at  [2]: 

North(X)  =  10110.611218m 
Vertical  (Y)  —  2000.000000m 
East(Z)  =  20000.000000m 
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This  center  is  determined  by  the  Linac  coordinates,  HEBT 
line  and  the  foil  position. 

QUALITY  CHECKS 

Several  groups  are  involved  with  the  quality  assurance. 
The  Magnet  Division  measures  the  performance  of  the 
magnets  as  well  as  the  multipoles.  They  also  check  to  see  if 
the  mechanical  center  from  the  Survey  Group  matches  the 
field  center  of  the  magnet.  Furthermore,  it  may  be  neces¬ 
sary  to  trim  or  shim  the  magnet.  The  magnets  and  assem¬ 
blies  must  pass  tests  for  the  mechanical  and  electrical  sys¬ 
tems.  The  AP  (Accelerator  Physics)  Group  sorts  which  half 
cell  the  magnet  should  go  based  on  reducing  optical  errors. 
We  ensure  that  the  Survey  and  Magnet  Divisions  must  send 
all  their  data  to  SNS.  In  addition,  all  applicable  data  (e.g. 
magnet,  surveys,  travelers,  inspection  and  test  records)  are 
forwarded  to  SNS.  Assemblies  must  be  checked  for  vac¬ 
uum  leaks  and  polarity  as  well.  We  start  with  the  Magnet 
checks. 

Magnet  Checkoff  List 

The  following  table  shows  the  checkoff  list  to  determine 
if  the  magnet  is  acceptable.  Here  we  use  ’y/n/yc/c’  which 
means  ’Yes/No/Yes  with  comment/Comment’ . 


Table  1:  Magnet  check 


Column 

Description 

Response 

MagJSerial 

Magnet  serial  name 

Mag_Type 

Magnet  description 

DateTime 

Date  and  time  of 
last  data  entry 

TFl.OOK 

Transfer  function 
at  l.OGeV  measured 

y/n/yc/c 

TF1.30K 

Transfer  function 
at  1.3GeV  measured 

y/n/yc/c 

MulOK 

Magnet  harmonics 

y/n/yc/c 

MechOK 

Mech.  test  complete 

y/n/yc/c 

ElecOK 

Elec,  test  complete 

y/n/yc/c 

SurveyOK 

Survey  measurement 
complete 

y/n/yc/c 

Shim 

Is  it  shimmed? 

y/n/yc/c 

Trim 

Is  there  a  trim? 

y/n/yc/c 

Sort 

Is  it  sorted? 

y/n/yc/c 

MagDataTrans 

OK 

Magnet  data  trans¬ 
ferred  to  SNS 

y/n/yc/c 

SurvDataTrans 

OK 

Survey  data  trans¬ 
ferred  to  SNS 

y/n/yc/c 

DocOK 

Documents  complete 

y/n/yc/c 

HCA 

Half-cell  assigned 

y/n/yc/c 

SUMOK 

Summary  OK  for 
installation 

y/n/yc/c 

Sometimes  a  magnet  can  be  accepted  but  a  comment  is 
added  such  as  a  particular  multipole  is  greater  than  2cr  from 


the  average.  In  this  case  the  magnet  can  still  be  accepted, 
but  may  be  sorted  to  a  region  where  that  multipole  is  not 
critical  or  this  magnet  could  become  a  spare.  If  this  turns 
out  to  be  a  problem  the  magnet  may  be  repaired  and  then 
retested.  Table  3  shows  the  results  for  the  first  half-cell  sent 
to  SNS.  Note,  at  this  time  the  magnet  data  has  not  been 
transferred  to  SNS  yet.  The  SUMOK  cannot  be  given  till 
this  is  complete 

When  a  set  of  magnets  for  making  an  assembly  such  as 
a  complete  half  cell  are  accepted,  the  final  assembly  then 
undergoes  a  similar  battery  of  checks. 

Assembly  Checkoff  List 

A  table  for  the  assembly  checkoff  list  is  shown  in  Ta¬ 
ble  2.  Many  of  the  items  are  similar  to  the  checkoff  items 
for  the  magnets.  Two  differences  are  the  polarity  checks 
and  the  vacuum  checks.  The  magnet  polarity  is  checked 
off  when  the  power  supply  leads  produce  field  directions 
as  defined  by  [3].  The  assembly  is  checked  for  vacuum 
leaks  as  well. 


Table  2:  Assembly  check 


Column 

Description 

Response 

Assemble_Serial 

Assembly  serial  name 

DateTime 

Date  and  time  of 
last  data  entry 

TypeOK 

Verification  of  the 
element  type  and 
sorting  plan 

y/n/yc/c 

MechOK 

Mech.  test  complete 

y/n/yc/c 

ElecOK 

Elec,  test  complete 

y/n/yc/c 

MpolOK 

Magnetic  polarity 
checked  correctly 

y/n/yc/c 

SurveyOK 

Survey  measurement 
complete 

y/n/yc/c 

VacuumOK 

Vacuum  test  complete 

y/n/yc/c 

SurveyDataTrans 

OK 

Survey  data  trans¬ 
ferred  to  SNS 

y/n/yc/c 

DocOK 

Documents  complete 

y/n/yc/c 

SUMOK 

Summary  OK  for 
installation 

y/n/yc/c 

After  the  assemblies  checks  out,  they  are  sent  to  SNS. 
Table  4  gives  an  example  of  the  results  for  the  first  half-cell 
sent  to  SNS. 

SUMMARY 

Before  the  SNS-Ring  can  be  installed,  the  geometry 
must  be  defined  and  frozen.  This  geometry  depends  on  the 
injection  as  well  as  the  extraction  lines.  Since,  the  mea¬ 
sured  dipole  length  was  different  from  the  original  design, 
the  drift  spaces  about  the  dipole  had  to  be  changed  in  order 
to  recover  the  original  design  geometry.  A  prescription  for 
doing  this  is  presented  in  the  ring  geometry  section. 
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Table  3:  This  table  shows  an  example  of  the  acceptance  checkoff  list  for  the  magnets  in  the  first  half-cell  for  the  SNS-rine. 

- - /i\  A  K _ _ 


Column 

Dipole 

Quadrupole 

Sextupole 

Corrector 

Mag_Serial 

13 

07 

03 

004 

MagJType 

17D120 

21Q40 

21CS26 

27CDVM30 

DateTime 

October  18,2002 

October  18,2002 

October  18,2002 

October  18,2002 

TF1.0OK 

Y 

Y 

Y 

Y 

TF1.30K 

Y 

Y 

Y 

Y 

MulOK 

Y 

Y 

Y 

YC  (1) 

MechOK 

Y 

Y 

Y 

Y 

ElecOK 

Y 

Y 

Y 

Y 

SurveyOK 

Y 

Y 

Y 

Y 

Shim 

N 

N 

N 

N 

Trim 

N 

N 

N 

N 

Sort 

Y 

Y 

N 

N 

MagDataTransOK 

SurvDataTransOK 

Y 

Y 

Y 

Y 

DocOK 

Y 

Y 

Y 

Y 

HCA 

Y 

Y 

Y 

Y 

SUMOK 

Table  4:  Assembly  acceptance  example  for  the  first  half¬ 
cell  Al.  The  comment:  (1)  Magnet  polarity  ID  for  dipole 
and  quadmpole  per  Tepikian’s  TN#1 14 


Column 

Result 

Half_cell 

Al 

AssembleJSerial 

RAl-l 

DateTime 

Nov  1, 02 

TypeOK 

Y 

MechOK 

Y 

ElecOK 

Y 

MpolOK 

YC  (1) 

SurveyOK 

Y 

VacuumOK 

Y 

SurveyDataTransOK 

Y 

DocOK 

Y 

SUMOK 

Y 

A  plan  for  pre-installation  checks  of  the  SNS-Ring  is 
presented  for  minimizing  problems  that  may  arise.  This 
plan  calls  for  checking  each  magnet  that  will  be  installed. 
These  magnets  must  be  tested  to  produce  the  magnetic  field 
required  for  proper  operation  of  SNS.  Furthermore,  these 
magnets  must  be  able  to  operate  at  the  higher  energy  of 
l.SGeV  protons.  Along  with  the  field  checks  there  are 
other  checks  for  each  magnet.  These  magnets  must  be 
checked  mechanically  and  electrically.  They  must  be  mea¬ 
sured  by  the  Survey  Group  which  may  uncover  other  prob¬ 
lems  that  need  to  be  addressed.  Additionally,  we  record 
whether  the  magnet  was  shimmed,  has  a  trim  coil  and  if  the 
magnet  was  sorted.  This  information  is  required  if  the  mag¬ 


net  ever  needs  to  be  replaced  by  a  spare.  Finally,  all  data 
concerning  these  magnets,  such  as  magnetic  field  measure¬ 
ments,  survey  measurements  and  all  other  documentation 
must  be  transferred  to  SNS.  When  everything  is  complete 
then  the  summary  OK  for  installation  is  checked. 

Besides  each  individual  magnet,  the  completed  assem¬ 
blies  that  are  shipped  to  SNS  must  pass  similar  kinds  of 
checks  with  the  following  differences.  The  magnets  in  the 
assembly  must  be  verified  and  follow  the  sorting  plan.  The 
power  supply  connections  must  be  properly  labeled  so  that 
the  magnets  are  correctly  powered  during  installation.  The 
beam  tube  must  pass  the  vacuum  tests.  Finally,  all  docu¬ 
mentation  must  be  transferred  to  SNS.  Similarly,  as  with 
the  magnets,  when  an  assembly  passes  all  these  tests,  the 
summary  OK  for  installation  is  checked. 
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Abstract 

A  laser-based  alignment  system  has  been  developed  for 
the  J-PARC  linac.  The  total  length  of  the  linac  is  about 
280  m,  and  the  alignment  goal  is  ±50/im  transversely.  In 
this  paper,  the  outline  of  the  alignment  system  is  presented 
together  with  the  feasibility  test  results  with  a  50  m  test 
beam  line. 

INTRODUCTION 

The  J-PARC  (Japan  Proton  Accelerator  Research  Com¬ 
plex)  accelerator  consists  of  a  400-MeV  linac,  a  3-GeV 
RCS  (Rapid  Cycling  Synchrotron),  and  a  50-GeV  syn¬ 
chrotron  [1].  The  linac  is  comprised  of  a  50-keV  nega¬ 
tive  hydrogen  ion  source,  a  3-MeV  RFQ,  a  50-MeV  DTL, 
a  190-MeV  SDTL  (Separate-type  DTL),  and  a  400-MeV 
ACS  (Annular  Coupled  Structure  linac).  The  total  length 
of  the  J-PARC  linac,  which  includes  the  straight  section  of 
the  following  beam  transport  line,  is  about  280  m.  To  avoid 
excess  beam  loss  and  beam  quality  deterioration,  an  accu¬ 
rate  alignment  of  accelerator  components  is  indispensable 
for  the  linac.  From  this  point  of  view,  the  alignment  goal 
along  the  linac  is  set  to  ±50/jm  transversely.  In  addition, 
it  is  essential  to  carefully  watch  long-term  ground  motion 
to  maintain  the  alignment  accuracy,  considering  that  the  J- 
PARC  facility  is  to  be  built  on  a  flimsy  ground  beside  the 
Pacific  Ocean.  To  meet  these  requirements,  a  laser-based 
alignment  system  has  been  developed.  Trial-manufacturing 
of  main  components  and  feasibility  tests  with  a  50  m  test 
beam  line  have  been  performed.  In  this  paper,  the  outline 
of  the  alignment  system  is  presented  together  with  some 
preliminary  results  of  the  feasibility  tests  performed  with  a 
50  m  test  beam  line.  For  detailed  description  of  the  system, 
please  refer  to  the  reference  [2]. 

LASER-BASED  ALIGNMENT  SYSTEM 

Concept  and  key  components 

The  laser-based  alignment  system  is  designed  based  on 
the  KEK-PF  linac  alignment  system[3].  A  conceptual 
drawing  of  the  alignment  system  is  shown  in  Fig.l.  A 
light  source  is  located  at  the  upstream  end  of  the  linac.  We 
adopt  a  532-nm  DPSS  (Diode-Pumped  Solid  State)  laser 
for  the  light  source.  An  optical  system  is  placed  on  a  laser 
stage  to  make  a  parallel  beam,  and  we  have  no  other  op¬ 
tical  component  downstream.  The  laser  beam  axis  is  set 
700  mm  horizontally  away  from  the  proton  beam  axis,  and 
surrounded  by  an  airtight  duct  to  ease  the  sway  by  air  tur¬ 
bulence.  The  inner  diameter  of  the  airtight  duct  is  80  mm. 


While  a  vacuum-tight  duct  is  adopted  in  the  KEK-PF  linac 
alignment  system,  we  plan  to  adopt  an  airtight  duct  for 
easy  handling  and  manufacturing.  A  feasibility  study  of 
the  alignment  with  the  laser  path  in  the  atmosphere  is  now 
underway,  using  a  50  m  test  beam  line  as  described  later. 

The  J-PARC  linac  consists  of  accelerator  components, 
such  as  rf  cavities,  quadrupole  magnets,  beam  monitors, 
etc.  Generally,  several  accelerator  components  are  placed 
on  an  accelerator  stand.  The  relative  alignment  among 
these  components,  which  are  placed  on  the  same  acceler¬ 
ator  stand,  is  performed  with  the  usual  optical  alignment 
method  using  an  alignment  telescope.  Then,  accelerator 
stands  are  aligned  using  the  laser  beam  as  a  reference  line. 
Each  accelerator  stand  has  two  laser  targets  at  the  upstream 
end  and  the  downstream  end.  For  the  laser  target,  we  use 
quadrant  silicon  photo-diodes  with  a  diameter  of  30  mm. 
This  diameter  is  larger  than  the  expected  diameter  of  the 
light  spot  after  propagation  length  of  280  m. 

Each  laser  target  is  installed  in  a  box  we  refer  to  as  a 
“ laser  target  box”.  The  laser  target  box  has  a  driving  mech¬ 
anism  to  turn  the  laser  target  away  from  the  laser  axis.  This 
feature  is  essential  to  enable  downstream  measurements, 
because  laser  targets  are  supposed  to  be  attached  to  each 
accelerator  stand.  Precise  position  reproduction  is  required 
for  the  driving  mechanism.  Four  target  boxes  have  been 
manufactured  by  way  of  trial,  and  position  reproduction  of 
less  than  ±5/im  has  been  achieved. 

The  box  is  attached  to  an  accelerator  stand  by  an  arm. 
As  an  example,  Fig.2  shows  the  case  where  the  laser  target 
box  is  attached  to  a  DTL  tank.  The  laser  target  position 
is  adjusted  using  templates  as  a  reference  before  we  install 
the  tank  into  the  accelerator  tunnel.  Once  the  target  posi¬ 
tion  is  adjusted,  we  can  lock  the  position  of  the  laser  target 
box  with  respect  to  the  tank.  The  template  is  a  steel  bar 


Figure  1:  Conceptual  view  of  the  laser-based  alignment 
system. 
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Figure  2:  Attachement  of  a  laser  target  box  to  a  DTL  tank. 


on  which  we  can  mount  an  optical  target  and  a  laser  target. 
These  targets  are  removable  with  accurate  mounting  posi¬ 
tion  repeatability.  Using  two  laser  targets  mounted  on  two 
templates  attached  to  the  upstream  and  downstream  ends  of 
a  DTL  tank,  we  set  the  reference  laser  axis  for  the  position 
adjustment  of  laser  target  boxes.  An  optical  target  can  be 
mounted  on  the  template,  which  is  used  for  a  relative  align¬ 
ment  between  a  tank  and  the  drift  tubes.  The  attachment 
of  laser  targets  to  other  parts,  such  as  SDTL  and  ACS,  is 
performed  in  a  similar  way.  The  rotation  of  an  accelera¬ 
tor  stand  around  the  laser  beam  axis  is  avoided  by  using  a 
level. 

In  principle,  we  leave  the  laser  targets  attached  during 
beam  operation,  which  enables  us  to  watch  the  ground  mo¬ 
tion  for  a  long  period  of  time.  However,  the  laser  target 
can  be  easily  put  on  and  taken  off  with  accurate  mounting 
position  repeatability.  This  feature  is  required  because  ra¬ 
diation  damage  of  photo-diodes  may  be  significant  in  some 
part  of  the  linac. 

After  a  long  period  of  beam  operation,  it  is  necessary  to 
perform  re-alignment  due  to  ground  motion.  As  the  floor 
on  which  the  laser  stage  is  placed  also  moves,  the  light  di¬ 
rection  also  changes  after  a  long  period  of  time.  Then,  to 
enable  re-alignment,  the  stage  for  the  light  source  should 
have  a  mechanism  to  adjust  the  light  direction  to  the  desig¬ 
nated  one.  The  required  resolution  for  the  direction  control 
mechanism  is  extremely  high,  namely,  around  0.1  /zrad. 
To  realize  the  high-resolution  direction  control,  we  have 
adopted  a  deformation  method.  In  the  laser  stage,  the  op¬ 
tical  system  is  placed  on  a  stack  of  four  aluminum  plates, 
and  each  plate  has  a  narrow  part  about  which  we  can  bend 
the  plate  easily.  We  elastically  deform  the  plates  to  change 
the  light  direction  by  pushing  the  plates  with  stepping  mo¬ 
tors.  Figure  3  shows  a  photo  of  the  laser  stage  installed 
in  the  JHF  linac  accelerator  tunnel  at  KEK.  Research  and 
development  of  the  laser  stage  is  now  underway. 


Figure  3:  Photo  of  the  laser  stage. 
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Figure  4:  Determining  of  the  laser  axis. 


we  need  a  connection  scheme  between  these  two  alignment 
systems.  In  addition,  we  plan  to  have  two  reference  points 
in  the  accelerator  tunnel,  above  which  we  have  penetration 
holes  to  enable  GPS  measurement  of  the  reference  points. 
Using  these  reference  points,  we  measure  the  relative  po¬ 
sition  of  the  linac  to  other  J-PARC  facilities,  such  as  the 
3-GeV  RCS  and  the  50-GeV  Main  Ring.  We  are  setting  up 
a  GPS  measurement  network  around  the  J-PARC  facility 
for  this  purpose.  To  determine  the  laser  axis  using  these 
reference  points,  we  plan  to  have  three  secondaiy  refer¬ 
ence  points  (one  of  them  is  auxiliary),  to  which  we  refer 
as  “laser  target  posf\  in  the  accelerator  tunnel.  By  setting 
up  these  laser  target  posts  with  a  laser-tracker,  we  can  con¬ 
nect  two  alignment  systems  consistently.  The  procedure  to 
determine  the  laser  axis  is  schematically  shown  in  Fig.4. 


Setting  up  the  laser  axis 

This  direction  control  system  is  expected  to  be  useful  in 
the  initial  alignment  also,  because  the  laser  axis  should  be 
determined  in  consistent  with  the  downstream  alignment. 
The  downstream  beam  transport  line,  to  which  we  refer  as 
L3BT,  has  arc  sections.  We  plan  to  use  a  laser-tracker  for 
the  alignment  after  the  first  arc  section  of  L3BT.  Therefore, 


EXPERIMENTAL  RESULTS  WITH  A 
TEST  BEAM  LINE 

To  check  the  feasibility  of  the  laser-based  alignment  sys¬ 
tem,  we  have  performed  a  long-range  experiment  with  a  50 
m  long  test  beam  line  placed  in  the  JHF  linac  accelerator 
tunnel  at  KEK,  The  main  aim  of  this  experiment  is  to  ex¬ 
amine  the  effect  of  air  turbulence. 

Before  proceeding  to  the  long-range  experiment,  we  per- 
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Figure  5:  Conceptual  view  of  the  experimental  setup. 


Figure  6:  Time  evolution  of  the  photo-diode  readout  in  a 
50  m  experiment. 


formed  a  experiment  with  much  shorter  beam  propagation 
length  of  around  0.3  m  to  check  the  fundamental  charac¬ 
teristics  of  the  system.  In  the  experiment,  we  concluded 
that  the  spatial  resolution  of  5  fim  can  be  achieved  with  the 
photo-diode,  and  the  effect  of  the  long-time  drift  of  the  A/D 
converter  is  around  ±5/im. 

Figure  5  shows  the  experimental  set  up  of  the  long-range 
experiment.  At  the  upstream  end,  a  laser  source  and  an 
optical  system  are  placed  on  the  laser  stage.  The  optical 
system  used  in  the  experiment  is  simplified  one  which  con¬ 
sists  of  a  beam  expander  and  an  optical  isolator,  and  nei¬ 
ther  collimator  nor  optical  fiber  is  included.  The  laser  path¬ 
way  is  surrounded  by  a  temporal  air-tight  duct  made  with 
vinyl  chloride  to  ease  the  sway  by  air  turbulence.  At  the 
downstream  end,  we  have  an  optical  stand  on  which  we 
place  a  laser  target  for  50  m  measurements,  or  a  mirror  for 
100  m  measurements.  The  tunnel  is  air-conditioned  and  a 
cooling-water  system  for  the  linac  is  operated  during  the 
measurements.  No  temperature  control  is  applied  for  the 
laser  source. 

Figure  6  shows  the  result  of  a  50  m  measurement,  in 
which  measured  laser-spot  position  is  shown  as  a  function 
of  time.  The  result  for  100  m  measurement  is  shown  in 
Fig.7.  It  is  seen  in  these  figures  that  the  output  signal  is 
composed  of  relatively  fast  sway  component  whose  period 
is  around  or  shorter  than  a  few  minutes,  and  slow  sway,  or 
drift,  component  whose  period  is  longer  than  a  few  hours. 
The  relatively  fast  component  can  be  reduced  with  averag¬ 
ing.  In  Fig.6,  the  output  signal  is  averaged  over  30  sec,  and 
2  min  in  Fig.7. 


DISCUSSIONS 

We  have  found  in  the  experiment  that  the  amplitude  of 
the  fast  sway  is  roughly  proportional  to  the  path-length  in 
this  setup,  and  that  we  need  three-  to  four-times  longer  av- 
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Figure  7:  Time  evolution  of  the  photo-diode  readout  in  a 
100  m  experiment. 


eraging  time  to  reduce  the  amplitude  to  half.  It  is  seen  in 
Fig.6  and  Fig.7  that  the  measurement  resolution  of  less  than 
50  fxm  can  be  achieved  except  for  the  vertical  direction  in 
the  100  m  measurement.  We  suspect  that  the  100  m  mea¬ 
surement  is  affected  by  some  instability  of  the  optical  stand 
on  which  a  mirror  is  placed,  because  the  large-amplitude 
turbulence  suddenly  arises  in  100  m  cases.  Because  even 
a  slight  tilt  of  the  optical  stand  can  affect  the  measurement 
in  this  setting,  the  system  is  very  sensitive  to  the  stability 
of  the  optical  stand  in  the  100  m  measurements.  To  have 
more  conclusive  results  in  100  m  measurements,  we  need 
to  improve  the  optical  system  at  the  50  m  point. 

As  mentioned  earlier,  the  fast  component  of  the  sway  can 
be  reduced  by  averaging.  Contrary,  it  is  difficult  to  reduce 
the  slow  sway  or  drift  component.  While  the  slow  compo¬ 
nent  observed  in  the  experiment  is  within  a  tolerable  level, 
that  in  the  actual  alignment  can  be  more  significant  con¬ 
sidering  that  the  path-length  is  much  longer  and  the  stabil¬ 
ity  may  be  strongly  dependent  on  the  tunnel  environment. 
Therefore,  it  is  urgent  to  perform  further  investigation  on 
the  cause  of  the  slow  component  and  find  a  way  to  reduce 
it. 
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Abstract 

Low  emittance  electron  storage  rings,  such  as  those 
used  in  third  generation  light  sources  or  linear  collider 
damping  rings,  rely  for  their  performance  on  highly  stable 
alignment  of  the  lattice  components.  Even  if  all  vibration 
and  environmental  noise  sources  could  be  suppressed, 
diffusive  ground  motion  will  lead  to  orbit  drift  and 
emittance  growth.  Understanding  such  motion  is 
important  for  predicting  the  performance  of  a  planned 
accelerator  and  designing  a  correction  system.  A 
description  (known  as  the  ATL  model)  of  ground  motion 
over  relatively  long  time  scales  has  been  developed  and 
has  become  the  standard  for  studies  of  the  long  straight 
beamlines  in  linear  colliders.  Here,  we  show  how  the 
model  may  be  developed  to  include  beamlines  of  any 
geometry.  We  apply  the  model  to  the  NLC  and  TESLA 
damping  rings,  to  compare  their  relative  stability  under 
different  conditions. 

ATL  FOR  LINEAR  GEOMETRIES 

Damping  rings  for  future  linear  colliders  will  need  to 
operate  with  equilibrium  vertical  emittances  of  a  few 
picometers  (unnormalized).  Achieving  such  highly 
focused  beams  will  depend  on  precise  alignment  of 
beamline  components,  particularly  the  quadrupole  and 
sextupole  magnets,  and  effective  steering  and  coupling 
correction  algorithms.  Small  movements  of  the 
quadrupoles  and  sextupoles  over  time  will  necessitate 
(possibly  invasive)  retuning  of  the  ring,  and  it  is  important 
to  estimate  at  the  design  stage  how  frequently  such  tuning 
may  be  required.  Although  movement  of  magnets  and 
diagnostic  components  can  occur  from  a  variety  of  causes, 
for  example  thermal  effects  or  mechanical  stress  on  the 
supports,  a  significant  contribution  to  the  motion  is 
expected  to  come  from  the  ground  itself. 

Ground  motion  in  a  variety  of  regimes  relevant  for  high 
energy  beamlines  has  been  discussed  in  some  detail  by 
Napoli  and  Seryi  [1].  In  this  paper,  we  consider  only  the 
slow  or  diffusive  ground  motion,  which  is  described  by 
the  ATL  model: 

({yi-Yj})  =  ATLlj  (1) 

Here,  Y(  is  the  vertical  position  of  the  i'h  beamline 
component  relative  to  some  (conceptual)  fixed  reference 
point,  Tis  the  time  after  initial  (perfect)  alignment,  and  L,y 
is  the  horizontal  distance  between  components  i  and  j. 
The  parameter  A  is  a  constant  characteristic  of  the  site  on 
which  the  accelerator  is  built:  “quieter”  or  “more  stable” 
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sites  have  lower  values  of  A.  The  angled  brackets  indicate 
an  average  over  an  ensemble,  or  in  practice,  the  mean 
value  over  a  number  of  different  random  seeds.  In  the 
original  paper  [1],  the  authors  considered  only  the 
application  of  this  model  to  linear  systems,  such  as  the 
main  linac  or  beam  delivery  system  of  a  linear  collider. 
In  such  a  system,  it  is  straightforward  to  apply  the  ATL 
model  (1)  in  a  simulation.  For  a  given  time  step  T  it  is 
only  necessary  to  start  at  one  end,  giving  each  component 
a  random  displacement  with  respect  to  the  previous 
component,  with  the  variance  of  the  displacement  given 
by  A7L,  with  L  the  distance  between  the  components. 
This  generates  a  “random  walk”  and  one  finds  that  the 
relative  displacement  of  any  two  components  in  the 
beamline  then  obeys  the  ATL  model. 

Attempting  to  apply  this  procedure  to  a  storage  ring 
will  result  in  failure,  since  Ly  becomes  the  arc  length 
between  two  components,  rather  than  the  direct  horizontal 
distance  that  is  required  by  the  model.  The  start  and  end 
points,  for  example,  will  typically  be  close  together,  but 
will  have  a  relative  misalignment  characteristic  of  the 
circumference  of  the  ring,  which  may  be  very  large. 

Since  the  ATL  model  is  now  the  standard  description 
for  linacs  and  beam  delivery  systems  in  linear  colliders 
[2],  it  is  desirable  to  be  able  to  apply  the  same  model  to 
describe  the  motion  of  components  in  other  parts  of  the 
machine,  in  particular  the  damping  rings,  where  alignment 
is  an  important  issue.  We  therefore  describe  here  a 
technique  for  applying  the  ATL  model  in  a  consistent  way 
to  beamlines  that  are  not  rectilinear. 

ATL  FOR  GENERAL  PLANAR 
GEOMETRIES 

Theoretical  Analysis 

First,  we  choose  a  fixed  reference  point  j=  0.  For  any 
component  i  we  can  then  write: 

(y,2)  =  atli0 

Noting  that: 

it  then  follows  that: 

iY:yj)  =  AT-\{Li0  +  LJ0 -£<,)=  ATM..  (2) 

which  defines  the  matrix  M  with  components  Mu.  We 
can  write  equation  (2)  in  terms  of  the  outer  product  of  the 
vector  Y  (with  components  Yi)  with  itself: 

(Y-Yt)  =  A7M  (3) 
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Since  M  is  symmetric,  it  can  be  diagonalized  by  a  unitary 
matrix  A: 


M  =  A  M  At 

The  components  of  M  are  the  eigenvalues  A,-  of  M: 

M,  =  A,4 

A  is  of  course  constructed  from  the  eigenvectors  of  M.  It 
is  important  that  we  choose  an  orthonormal  basis  for  the 
eigenvectors,  otherwise  M  is  not  diagonal  -  this  is 
discussed  further  below.  We  define  the  vector  V: 

V  =  A- Y 

By  premultiplying  equation  (3)  by  A  and  postmultiplying 
by  AT,  we  see  that  the  components  of  V  satisfy: 

(v^^ATA,  (4) 

Equation  (4)  is  our  result:  it  is  all  we  need  to  apply  the 
ATL  ground  motion  model  to  a  general  planar  geometry. 
Explicitly,  from  the  distances  between  the  components 
and  a  chosen  fixed  reference  point,  we  construct  the 
symmetric  matrix  M,  and  find  its  eigensystem.  We  then 
generate  a  set  of  values  with  variances  given  by  the 
eigenvalues  of  M,  and  transform  these  values  using  the 
eigenvectors  of  M  to  find  the  corresponding  vertical 
displacements  of  the  components.  The  case  of  a 
rectilinear  beamline  is  of  course  a  special  case  of  this 
general  model. 

Implementation  Issues 

We  commented  above  that  it  is  important  to  choose  an 
orthonormal  basis  for  the  eigenvectors  of  M.  It  is  easy  to 
show  that  if  the  eigenvalues  are  all  distinct,  then  the 
eigenvectors  of  a  symmetric  matrix  are  necessarily 
orthogonal.  However,  eigenvectors  corresponding  to 
repeated  eigenvalues  may  become  “mixed”  in  such  a  way 
that  they  are  not  orthogonal.  In  this  case,  the  matrix  M  is 
not  diagonal,  and  the  above  procedure  will  fail,  since  the 
final  result  (4)  is  not  correct. 

The  question  then  arises,  as  to  which  situations  will 
give  rise  to  repeated  eigenvalues  of  M?  This  is  a  difficult 
question  to  answer  completely,  but  in  general,  repeated 
eigenvalues  are  an  indication  of  some  symmetry  in  the 
system.  For  example,  one  finds  that  if  the  system  consists 
of  N  points  equally  distributed  on  a  circle  with  the 
reference  point  at  the  center,  the  eigenvalues  occur  in  (N- 
2)/2  or  (N-l)/2  pairs  according  to  whether  N  is  even  or 
odd.  Moving  the  reference  point  away  from  the  center 
reduces  the  number  of  pairs  of  eigenvalues,  and  choosing 
a  reference  point  on  the  circle  renders  them  all  distinct. 

Fortunately,  where  repeated  eigenvalues  do  occur,  the 
above  technique  can  still  be  applied:  it  is,  however, 
necessary  to  ensure  that  the  eigenvectors  form  and 
orthonormal  basis. 

Large  accelerators  (for  example,  the  TESLA  Damping 
Ring)  may  consist  of  many  hundreds  of  components,  in 
which  case  we  need  to  find  the  eigensystem  of  a  large 


matrix.  This  is  not  necessarily  an  obstacle,  since  efficient 
numerical  algorithms  exist  for  this  task.  Also,  for  a  given 
accelerator  design,  it  is  only  necessary  to  perform  the 
eigensystem  analysis  once.  The  eigenvalues  and 
eigenvectors  can  then  be  saved  for  application  of  the  ATL 
model  for  simulations  over  different  timescales. 

EXAMPLES 


Regular  Grid 

To  test  the  technique,  it  is  interesting  to  apply  it  to  a 
regular  grid  of  points.  In  this  case,  one  expects  to  see  the 
correlation  of  vertical  displacement  with  distance  to  show 
up  clearly  (or  not,  in  the  case  of  some  flaw  in  the  theory 
or  its  application).  The  application  is  conveniently  carried 
out  in  any  mathematical  program  capable  of  an 
eigensystem  analysis  of  a  large  matrix.  We  have  used 
Mathematica  [3]:  our  grid  consisted  of  25x25  points,  with 
the  reference  point  at  the  origin.  Initially,  ail  points  are  at 
7=0.  Figure  1  shows  that  grid  after  5,  10,  30  and  50  time 
steps  (the  value  of  A  is  5X10-4). 


t  =  5 

25 

t=  10 

t  =  30 

t  =  50 

Figure  1:  ATL  Applied  to  a  Rectangular  Grid  of  Points 


Clearly,  the  displacements  of  the  points  on  the  grid  are 
correlated,  with  the  average  relative  displacement 
between  two  points  increasing  with  the  distance  between 
the  points. 

The  NLC  Main  Damping  Rings 

For  a  storage  ring,  we  are  generally  interested  in 
questions  such  as  the  change  in  the  closed  orbit  and  the 
vertical  emittance  degradation  when  the  main  magnets  in 
the  lattice  move.  It  is  therefore  convenient  to  have  the 
ATL  model  integrated  into  an  accelerator  simulation 
code.  We  have  implemented  the  2D  ATL  model  into  the 
tracking  code  MERLIN  [4],  and  applied  the  model  to  the 
NLC  Main  Damping  Rings  [5]  and  the  TESLA  Damping 
Rings  [6]. 

Figure  2  shows  the  effects  of  ATL  ground  motion 
applied  to  the  quadrupoles  of  the  NLC  Main  Damping 
Ring  over  a  period  of  30  hours,  starting  from  a  perfect 
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alignment.  The  blue  points  show  the  quadrupoles,  and  the 
red  line  shows  the  closed  orbit.  The  value  of  A  used  in 
the  simulation  was  4xl0'6  /zm2/m/s.  The  horizontal  scales 
are  in  meters,  and  the  vertical  scales  are  in  microns. 


Orbit  in  the  NLC  Main  Damping  Rings 


EMITTANCE  TUNING 

Maintenance  of  very  low  vertical  emittance  over  long 
periods  is  an  important  issue  for  linear  collider  damping 
rings,  as  this  has  a  direct  impact  on  the  rate  at  which  the 
linear  collider  can  integrate  luminosity.  Although  it  is 
expected  that  low  emittance  may  be  maintained  to  some 


extent  by  a  straightforward  orbit  correction,  it  is  important 
to  know  how  frequently  more  invasive  tuning  procedures 
may  be  required. 
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Figure  3:  Emittance  Growth  from  ATL  Ground  Motion  in 
the  NLC  (top)  and  TESLA  Damping  Rings 


Figure  3  shows  the  growth  of  the  normalized  vertical 
emittance  from  ATL  ground  motion  in  the  NLC  Main 
Damping  Rings  and  the  TESLA  Damping  Rings.  The 
rings  were  initially  misaligned  by  applying  50  hours  of 
ATL  ground  motion  to  the  quadrupoles  and  sextupoles, 
followed  by  a  full  coupling  correction.  Without  orbit 
correction,  a  rapid  emittance  growth  can  be  seen  for  A  = 
1017  m/s  (NLC  and  TESLA)  and  A  =  5xl019  m/s 
(TESLA).  An  orbit  correction  at  half-hourly  intervals  to  5 
lim  is  effective  at  suppressing  the  emittance  growth. 
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Abstract* 

As  part  of  the  “CESR-c”  upgrade  project,  a  full-scale 
prototype  superferric  wiggler  module  has  been  installed 
into  die  Cornell  Electron  Storage  Ring  (CESR)  and 
successfully  operated  since  October  2002.  At  least  eleven 
more  wigglers  are  to  be  installed  to  enable  full  operation 
of  the  CESR-c.  The  wiggler  magnets  are  chosen  to 
achieve  the  necessary  damping  for  optimum  operation  of 
CESR-c  at  a  beam  energy  of  1.88  GeV.  The  wiggler 
cryostat  units  are  designed  to  be  modular,  of  fixed  length 
flange-to-flange,  so  that  they  can  be  easily  installed  and 
exchanged.  The  cryostat  incorporates  several  novel 
features  including  a  suspension  system  with  very  low  heat 
leak  that  prevents  any  significant  motion  during  cool 
down,  a  custom  triple  cryogenic  feedthrough,  and  a 
helium  vessel  made  in  two  halves,  each  enclosing  a  half¬ 
magnet.  This  article  presents  the  design,  fabrication,  and 
operation  of  the  CESR-c  wiggler  cryostat. 

INTRODUCTION 

The  conversion  program  CESR-c  will  extend  CESR 
operating  range  to  1.5  GeV  through  5.6  GeV  [1].  It 
requires  the  addition  of  over  15  meters  of  wiggler 
magnets  to  enhance  synchrotron  radiation  (SR)  effects  for 
optimum  CESR  operation  at  low  energies.  The  wiggler 
design  is  of  superferric  type  [2]  [3].  The  wiggler  cryostat 
units  are  designed  to  be  modular  of  fixed  length  flange-to- 
flange,  so  that  they  can  be  easily  installed  or  replaced.  A 
full-scale  prototype  wiggler  has  been  installed  into  the 
CESR  ring  and  successfully  operated  since  October  2002. 
Five  more  wigglers  have  been  manufactured  and  tested 
and  are  now  installed.  At  least  six  more  wigglers  are  to  be 
installed  to  enable  full  operation  of  the  CESR-c  [4]. 

The  cryostat  serves  to  support  the  cold  mass  accurately 
and  reliably  within  the  vacuum  vessel,  to  provide  all 
required  cryogenic  plumbing,  and  to  insulate  the  cold 
mass  from  heat  radiated  and  conducted  from  the 
environment.  The  fact  that  the  cryostat  should  fit  into  the 
tight  space  available  in  the  existing  CESR  tunnel  while 
providing  maximum  wiggler  magnetic  length  makes  its 
design  more  challenging. 

The  cryostat  is  0.6  m  in  diameter  and  1.725  m  in 
length.  It  consists  of  a  liquid  helium  vessel  made  in  two 
halves,  insulation  vacuum  vessel,  thermal  shields, 
helium  stack  for  housing  current  leads  and 
instrumentation  wires,  suspension  system,  cryogenic 
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plumbing  and  an  integral  copper  beam-pipe  with  warm- 
bore  (see  Fig.  1, 2). 


Figure  1:  Wiggler  cryostat  cross-section. 


Vacuum  vessel 
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Cryostat 
assembly 

Beam-pipe  shield  y  , 

(80  K)  Cu  beam-pipe  /  £© 

(300  K) 

Figure  2:  Cryostat  assembly  with  major  components. 


DESIGN  DESCRIPTION 

Thermal  Design  Considerations 

In  addition  to  mechanical  requirements,  the  cryostat  is 
designed  to  minimize  heat  transfer  by  radiation  and 
conduction  from  ambient  to  the  cold  mass.  The  heat 
transfer  to  the  cold  mass  directly  affects  the  magnet’s 
operating  cost. 

The  conductive  heat  leak  is  minimized  by  choosing  the 
proper  materials  for  the  cold  mass  support,  employing 
thermal  interception  at  80  K  and  providing  high  vacuum 
insulation.  The  radiative  heat  transfer  is  reduced  by 
interposing  liquid  nitrogen  cooled  thermal  shields  and 
wrapping  the  cold  mass  with  multilayer  super-insulation. 
The  thermal  load  associated  with  the  current  leads  is 
reduced  by  the  use  of  high  temperature  superconducting 
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(UTS)  current  leads  below  77  K.  The  estimated  static  heat 
leaks  to  the  stages  at  4.2  K  and  80  K  are  summarized  in 
table  1. 


Table  1:  Static  heat  leak  in  cryostat  (in  Watts) 


Components 

4.2  K 

80  K 

Thermal  shields 

0.35 

6.8 

Supports 

0.05 

9.0 

Cryogenic  feedthrough 

0.14 

3.2 

Current  leads 

0.17 

17.1 

LHe  stack 

0.19 

1.4 

Total 

0.9 

37.5 

Cold  Mass  and  Suspension  System 

The  magnet  has  1.3  m  active  length  with  a  peak  field 
of  2.1  T.  It  is  made  in  two  halves.  Each  half-magnet  has  a 
mass  of  about  420  kg  cooled  in  a  helium  bath.  The  two 
halves  are  connected  through  interconnecting  side  tubes 
for  wires  and  LHe  flow. 

The  cold  mass  is  suspended  in  a  609  mm  diameter 
vacuum  vessel  by  eight  tension  straps  with  four  straps  at 
each  of  the  two  ends  (see  Fig.  3).  With  this  suspension 
scheme  the  center  of  cold  mass  does  not  move  during  cool 
down.  The  racetrack-shaped  straps  are  made  of  S-glass 
fiber  in  an  epoxy  matrix.  The  material  has  a  low 
conductivity-to-yield-strength  ratio.  The  warm  end  of  the 
strap  is  joined  to  an  invar  rod  through  a  clevis,  which  is 
thermally  anchored  to  the  80  K  thermal  shield  by  copper 
braids.  The  alignment  of  the  cold  mass  axis  relative  to  the 
beam-pipe  is  performed  at  room  temperature  by  adjusting 
nuts  on  the  invar  rods  from  the  outside  of  the  vacuum 
vessel. 


.  *  * .  « 

cfSfJ  ^ 


Figure  3:  Cold  mass  suspension  system. 


Radiation  Shields ,  beam-pipe  and 
interconnection 

Radiation  shields  are  interposed  to  intercept  radiative 
heat  transfer  between  cryostat  vessel  and  cold  mass,  and 
between  beam-pipe  and  cold  mass.  The  shields  are  made 
of  pure  aluminum  1100-0  with  a  thermal  conductivity  of 
300  Wm'^K'1  at  80  K.  The  outer  radiation  shield  is 
cooled  by  liquid  nitrogen  through  stainless  steel  (SS) 
tubes  which  are  clamped  and  glued  to  provide  good 
thermal  contact.  The  beam-pipe  shield  is  cooled  through 
thermal  conduction  from  the  outer  shield  via  end  flanges. 

The  ultrahigh  vacuum  beam-pipe  is  made  of  copper 
with  water  cooling  channels  at  both  sides  to  intercept 
wiggler  radiation. 


The  cold  mass,  radiation  shields  and  beam-pipe  are 
interconnected  at  both  ends  through  thermally  insulating 
supports  which  allow  adjustment  during  assembly  and 
accommodate  shrinkage  during  cool  down.  At  each  end, 
the  radiation  shield  is  supported  from  the  cold  mass  by 
four  tensioned  Kevlar  straps  while  the  beam-pipe  is 
supported  by  four  fiberglass  rods  from  the  shield. 

The  cold  mass,  radiation  shields  and  beam-pipe  are  all 
wrapped  with  four  to  ten  layers  of  multilayer  super¬ 
insulation  made  of  aluminized  Mylar  with  mesh  polyester 
interlayer. 

LHe  Stack  and  Instrumentation 

A  LHe  stack  on  the  top  of  vacuum  vessel  houses  HTS 
current  leads,  instrumentation  wires,  voltage  taps  and  trim 
current  leads.  A  liquid  nitrogen  pot  provides  an  80  K  heat 
sink  for  thermal  intercept. 

A  pair  of  HTS  leads  is  used  to  deliver  the  current  to  the 
magnet  coils.  The  warm  end  of  the  lead  is  thermally 
anchored  at  the  LN2  pot  and  the  cold  end  at  4  K. 

When  a  magnet  quenches,  part  of  the  generated  heat  is 
transferred  into  the  helium  bath  and  thus  the  helium 
pressure  is  increased.  The  stack  is  equipped  with  a  safety 
relief  valve  and  burst  disc  to  ensure  fast  discharge  of 
helium  due  to  quench  or  cryogenic  failure. 

Thick  film  56  kQ  resisters  are  placed  at  various 
locations  to  monitor  the  temperature.  They  are  mounted 
on  copper  tabs,  with  leads  wrapped  several  turns  around 
the  tab  to  ensure  a  good  thermal  contact. 

Two  liquid  helium  level  sensors  are  used,  with  one  in 
the  stack  and  the  other  installed  in  the  side  tube  of  the 
cold  mass.  A  liquid  nitrogen  level  sensor  is  installed  in  the 

stack  LN2  pot  at  the  output  of  the  radiation  shield  cooling 
line. 

Cryogenic  Plumbing 

A  triple  cryogenic  feedthrough  with  LN2  intercepted 
vacuum  break  accommodates  LHe  input,  Helium  cold  gas 
return  and  LN2  input.  The  low  heat  leak  compact  design 
allows  for  a  flanged  bellows  connection  in  the  tight  space 
in  the  CESR  tunnel. 

The  cryogenic  plumbing  contains  four  separate  circuits: 
LHe  line;  gaseous  helium  warm  return;  LN2  line  for 
shields  and  LN2  pre-cooling  line  for  cold  mass.  They  are 
all  made  of  SS  tubing. 

The  LN2  precooling  circuit  is  clamped  and  glued  onto 
9.525  mm  thick  copper  plates  which  are  thermally  bonded 
between  SS  support  plates  of  cold  mass  halves.  This  line 
cools  the  cold  mass  to  80  K  from  room  temperature  and  is 
capped  off  afterwards.  The  gaseous  helium  warm  return 
line  serves  for  cooling  down  from  80  K  to  4.2  K.  It  is 
also  capped  off  afterwards.  The  helium  output  is  then 
switched  to  the  cold  return  line  which  is  connected  to  the 
refrigerator  through  the  transfer  line.  The  LN2  precooling 
line  and  helium  warm  return  line  are  anchored  at  80  K  to 
minimize  4.2  K  heat  load  during  wiggler  operation. 
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Vacuum  System 

There  are  two  separate  vacuum  systems  in  the  wiggler 
module.  The  cryogenic  insulation  vacuum  provides  a 
high  vacuum  to  avoid  heat  load  by  conduction  from  the 
environment  to  the  cold  mass,  while  the  beam  pipe 
vacuum  requires  ultrahigh  vacuum  to  provide  a  good 
beam  lifetime  and  low  background  for  the  experiment. 

The  insulation  vacuum  of  the  prototype  wiggler  was 
pumped  by  a  turbomolecular  pump.  All  future  wigglers 
are  pumped  by  diffusion  pumps  with  water  cooled  baffles. 
Once  the  insulation  space  is  pumped  to  the  range  of 
10  Pa,  LN2  precooling  process  can  be  started.  After  the 
system  is  cooled  down,  the  cryopumping  on  the  large 
surface  of  multilayer  super-insulation  is  sufficient  for 
maintaining  high  vacuum  (10-6  Pa). 

A  non-evaporable  getter  (NEG)  pump  is  connected  to 
the  copper  beam-pipe  to  pump  gas  load  induced  by 
wiggler  SR  and  bending  magnet  SR. 

ASSEMBLY  AND  TEST 

Assembly 

Vacuum  leak  checking,  including  cold  shocking  of 
cryogenic  subassemblies  at  77  K,  was  carried  out 
throughout  the  cryostat  manufacture  process. 

The  insulation  vacuum  vessel  is  constructed  in  two 
parts  to  facilitate  cryogenic  plumbing  connection.  The 
short  vessel  incorporates  all  necessary  ports  for  cryogenic 
plumbing  and  instrumentation  wiring.  The  long  vessel  is 
installed  last  when  all  components  are  assembled  and 
aligned.  Finally  two  660  mm  O-ring  sealed  flanges  are 
welded  onto  the  beam-pipe  to  complete  the  cryostat.  The 


assemble  sequence  is  as  below  (see  Fig.  4): 

~  . 4*1 

_  1-p  1  1  ■:  - 

0JJ  •  •  « 

Y7  Yr  y"  - 

1.  Mount  short  vessel 

Y  y  y — Y 

4.  Mount  long  vessel 

1 . 

*  ’ 

....grefe. 

Y  y  y  Y 

2.  Mount  stack 

Y  y  ~~YT  y* 

5.  Mount  eight  tension  stress 

“  . 

Y7  y  y  y* 

3.  Mount  radiation  shield 

‘  Y  Y"  y  Y 

6.  Remove  strongback 

Figure  4:  Assembly  procedure. 


Pre-assembly:  Place  preassembled  unit  of  beam-pipe 
shield  with  beam-pipe  on  the  bottom  half  of  cold  mass, 
and  then  connect  the  top  half  to  the  bottom  half  with  pre¬ 
cooling  plates  in  between; 

Step  1  and  2:  Slide  short  vacuum  vessel  over  cold  mass 
and  connect  cryogenic  tubing.  Assemble  current  leads  and 
wires  to  the  cold  mass,  and  then  finish  stack  assembly. 

Stage  3,  4  and  5:  Install  outer  radiation  shield  and 
connect  liquid  nitrogen  tubing.  Slide  long  vacuum  vessel 
into  place,  mount  all  eight  tension  straps  with  invar  rods. 


Stage  6:  Remove  temporary  support  from  the  cold 
mass.  Finish  end  interconnection,  and  then  weld  the 
vessel  end  flanges  to  beam-pipe; 

Throughout  the  assembly  optical  surveying  is  used  to 
provide  alignment  of  the  magnet  to  the  beam-pipe  within 
0.1  mm. 

Test  and  Operation 

Prior  to  installation  in  the  CESR  tunnel,  each  wiggler 
magnet  was  tested  and  run  above  2.1  T  field.  Magnetic 
field  quality  measurements  were  performed. 

Three  proportional  pneumatic  control  valves  regulate 
LHe  input,  cold  helium  gas  return,  and  LN2  input.  The 
input  flow  of  LHe  and  LN2  are  controlled  through  level 
sensors.  Helium  bath  pressure  is  controlled  using  helium 
return  valve  and  a  pressure  sensor.  LHe  overpressure  or 
power  outage  would  shut  the  LHe  input  valve  and  the 
cold  return  valve. 

For  protecting  the  magnet,  the  power  supply  current 
would  commence  a  slow  run-down  if  one  of  three 
cryogenically  related  indications  occurs:  high  He  pressure 
in  cold  mass;  high  He  pressure  in  return  line;  poor 
insulation  vacuum  in  cryostat.  More  importantly, 
quenches  cause  external  switch  to  open  ramping  magnet 
down  in  -  10  seconds. 

So  far  we  have  completed  and  tested  six  wigglers.  The 
prototype  was  installed  into  the  CESR  ring  and 
successfully  operated  with  beam  since  October  2002.  All 
six  wigglers  worked  well  the  first  time  they  were  cooled 
down.  One  tojthree  training  quenches  occurred  to  some  of 
them  before  reaching  the  target  current.  It  took  48  hours 
to  precool  the  cold  mass  to  80  K  using  the  LN2  precooling 
line.  Then  it  took  five  hours  and  200  liters  of  LHe  to  cool 
down  to  4.2  K  and  fill  up  the  cold  mass.  The  static  LHe 
evaporation  rate  is  about  1.5  ~  2.0 1/h.  This  corresponds  to 
a  heat  load  of  1.0  -  1.35  W,  close  to  the  budgeted  load. 
When  quenches  did  occur,  the  maximum  pressure  in 
helium  bath  went  up  to  1.8  atmospheres  in  a  few  seconds 
with  a  helium  loss  of  16  liters. 

SUMMARY  AND  ACKNOWLEDGMENTS 

A  full-scale  superferric  wiggler  prototype,  to  enhance 
synchrotron  radiation  damping  for  CESR-c  at  low 
energies,  has  been  successfully  developed,  fabricated  and 
operated  in  the  CESR  ring.  Five  more  wigglers  have  been 
tested  and  are  now  installed.  Proper  design  of  the  cryostat 
plays  an  important  role  in  ensuring  reliable  wiggler 
magnet  operation. 

The  authors  would  like  to  thank  the  machine  shop  and 
technical  support  staff  at  LEPP  for  their  contributions  to 
the  manufacture  of  the  wiggler  cryostats. 
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Abstract 

At  NSRRC  the  installation  of  a  helium  cryogenic 
system,  which  is  tailor-made  for  the  cooling  of  TLS 
superconducting  cavity,  was  finished  at  the  end  of 
October  2002.  The  cryogenic  system  had  finished  its  first 
phase  commission  work  at  the  end  of  March  2003.  This 
paper  presents  the  first  measurement  result  of  the 
cryogenic  system. 

INTRODUCTION 

A  helium  cryogenic  system  with  cooling  capacity  of 
450  W  at  4.5  K  was  set  up  in  National  Synchrotron 
Radiation  Research  Center  (NSRRC)  at  the  end  of  the 
year  2002.  This  helium  system  is  dedicated  for  the 
cooling  of  a  500  MHz  superconducting  radio  frequency 
(SRF)  cavity  which  is  the  key  item  of  an  upgrade  project 
to  enhance  the  beam  current  and  stability  of  NSRRC 
electron  storage  ring.  The  cryogenic  system  is  a  turnkey 
system  and  provided  by  the  Air  Liquide  Company;  its 
configuration  is  shown  in  Fig.  1[1].  The  system  includes 
one  315  kW  compressor,  one  45  kW  recovery  compressor, 
one  10  kW  refrigerator,  one  2000  liter  dewar,  two  100  m3 
gas  helium  storage  tanks,  and  one  5  m  multi-channel 
transfer  line.  The  distribution  valve  box  is  included  in  the 
SRF  cavity  system  since  the  inside  control  valves  regulate 
the  pressure  and  level  of  the  cryostat.  In  normal  operation 
the  SRF  cavity  will  require  a  cooling  power  of  80  W  at 
4.5  K  and  a  liquefaction  rate  of  0.18  g/s  for  the  cooling  of 
cavity’s  wave  guide[2]. 

SYSTEM  INSTALLATION 

Apparatus  of  the  cryogenic  system  are  installed  at  three 
areas,  i.e.,  the  platform,  the  gas  yard,  and  the  compressor 
room.  Figure  2  shows  the  layout  of  these  three  areas. 
The  refrigerator,  the  dewar,  and  the  distribution  valve  box 
are  located  on  the  platform  with  2.8  m  height.  The  liquid 
helium  is  drawn  off  from  the  dewar  and  sent  to  the 


Figure  1 :  Configuration  of  the  helium  cryogenic  system. 


distribution  valve  box  through  the  multi-channel  transfer 
line;  the  helium  is  then  sent  to  the  cryostat  of  the  SRF 
cavity  via  the  6  m  flexible  transfer  line.  The  space  under 
the  platform  is  reserved  for  the  cavity  test  before  its 
installation  into  the  storage  ring. 

The  main  compressor  and  its  oil  removal  module,  the 
various  frequency  driver  for  the  main  compressor,  the 
recovery  compressor  and  its  oil  removal  module  are 
installed  in  the  compressor  room,  which  is  located  in  the 
basement  of  the  utility  building.  The  compressor  room  is 
constructed  with  soundproof  wall  and  vibration  isolation 
floor.  A  ventilation  system  is  installed  to  provide  the 
cooling  air  for  the  compressor  motor  and  prevent  the 
oxygen-poor  condition.  All  the  signals  in  the  compressor 
room  are  collected  in  a  cabinet  and  then  sent  to  the  PLC 
controller  on  the  platform  via  the  PROFIBUS 
communication  protocol. 

In  the  gas  yard  a  nitrogen  storage  tank  with  a  capacity 
of  20000  liter  is  installed  and  two  helium  tanks  are 
located  nearby.  Liquid  nitrogen  is  used  for  precooling  the 
first  heat  exchanger  of  the  refrigerator;  it  is  also  used  for 
the  thermal  shielding  of  the  multi-channel  line,  the 
distribution  valve  box,  and  the  cavity  cryostat.  A  local 
grounding  network  for  pressure  transmitters  is  installed  in 
foundations  of  the  nitrogen  tank  and  the  helium  tanks. 
Another  grounding  network  is  constructed  for  the 
nitrogen  tank  to  prevent  a  lightning  strike. 

COMMISSION  RESULT 

Before  filling  the  grade-A  helium  into  the  gas  tank,  the 
dry  nitrogen  gas  was  flushed  into  the  tank  until  the  dew 
point  of  the  tank  was  less  than  —59  °C .  The  gas  tank  was 
then  evacuated  down  to  0.13  mbar  from  1  bar  and  this 
procedure  took  48  hours.  After  two  cycles  of  purge  and 
pump  down,  the  tank  was  filled  with  helium  up  to  10  bar. 
The  charcoal  of  the  oil  removal  module  was  dried  using 
hot  nitrogen  gas  (~70  °C).  It  took  more  than  one  week  for 
keeping  the  dew  point  down  to  —60  °C;  three  days  were 
required  for  the  recovery  oil  removal  module.  The 
leakage  test  for  the  inner  piping  of  the  refrigerator  shows 
a  value  lower  than  1.3e-8  mbar-L/sec;  the  test  for  the 
interconnect  piping  among  the  compressor,  the 
refrigerator,  and  the  gas  tank  shows  a  leakage  value  lower 
than  7e-8  mbar-L/sec. 

The  capacity  measurement  at  the  dewar  after 
optimizing  parameters  of  the  cryogenic  system  is  shown 
in  Fig.  3,  where  the  dewar  pressure  was  kept  at  1.3  bar 
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(b)  compressor  room 


(1.25  bar)  as  liquid  nitrogen  was  (wasn’t)  used  for 
precooling.  In  the  test  of  liquefaction  mode  the  dewar 
level  increases  8  %  (20.2  %)  in  3  hours  without  (with) 
liquid  nitrogen  for  precooling;  i.e.,  the  system  provides 
liquefaction  rate  of  60.5  L/hr  and  153  L/hr.  In  the 
refrigeration  mode  the  system  provides  a  cooling  power 
of  255  W  with  10.6  L/hr  liquefaction  rate  without  liquid 
nitrogen  and  452  W  with  5.6  L/hr  liquefaction  rate  using 
liquid  nitrogen.  After  linear  extrapolation  the  data  from 
the  performance  test  one  can  know  the  system  provides 
cooling  power  of  309  W  (469  W)  at  refrigeration  mode 
without  (with)  liquid  nitrogen  for  precooling.  The  mass 
flow  rates  are  24  g/sec  (39  g/sec)  and  44  g/sec  (82  g/sec) 
respectively  during  the  test  at  liquefaction  mode  and 
refrigeration  mode  without  (with)  liquid  nitrogen.  During 
commission  the  system  capacity  can  be  automatically 
turned  down  either  by  changing  the  compressor 
discharging  flow  via  a  frequency  driver  or  adjusting  the 


Figure  3:  Capacity  measurement  at  dewar. 


mass  flow  in  the  expansion  turbine  via  its  inlet  control 
valve.  Table  1  summarizes  the  design  and  measured 
values  of  the  helium  cryogenic  system.  The  system 
provides  more  capacity  than  the  design  value:  a  larger 
margin  is  provided  as  the  system  is  operated  either  in 
refrigeration  mode  without  liquid  nitrogen  or  in 
liquefaction  mode  with  liquid  nitrogen. 

Figure  4  shows  the  result  of  a  stability  test,  where  the 
test  period  lasted  more  than  72  hours.  The  resulting 
pressure  of  the  suction  line  kept  at  1.05  bar  with  +/-2 
mbar  fluctuation;  the  dewar  pressure  kept  at  1.38  bar  with 
+5/-3  mbar  fluctuation.  These  pressure  fluctuations  are 
compatible  to  the  +/-3mbar  fluctuation  requirement 
specified  from  the  SRF  cryostat.  Figure  4  also  shows  an 
increase  in  the  mass  flow  rate  during  the  switch  period  of 
the  two  80  K  cryogenic  absorbers.  The  pressure 
fluctuation  increases  when  the  dewar  level  is  kept  at  a 
high  value  of  85  %,  where  the  level  fluctuates  up  to  +/-0.4 
%  within  16  hours  operation. 

There  happened  several  times  system  interrupt  due  to 
either  the  electric  power  was  interrupted  or  the  emergency 
push  button  was  incidentally  touched.  Components  of  the 
cryogenic  system  are  automatically  isolated  from  each 
other  during  those  interrupt  events.  The  suction  line 
pressure  increases  since  the  refrigerator  depressurizes 
itself  as  system  being  interrupted.  Each  time  the  safety 
relief  valve  of  the  suction  line,  which  is  placed  near  the 
oil  removal  module,  acts  first  due  to  its  lowest  setting 
pressure  of  1.5  bar.  During  system  interrupt  period  the 
suction  line  pressure  increased  up  to  1.54  bar,  which  is 
lower  than  the  setting  pressure  of  the  safety  valve  in  SRF 
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Figure  4:  Stability  and  reliability  test. 


cryostat;  thus  the  helium  loss  at  cold  condition  could  be 
prevented. 

CONCLUSION 

The  cryogenic  system  provides  a  higher  capacity  than 
the  specified  value.  Stability  test  shows  acceptable  level 
of  pressure  fluctuation  at  both  the  dewar  and  the 
compressor  suction  line.  This  system  is  ready  for 
providing  helium  cooling  for  the  operation  SRF  cavity, 
which  will  be  installed  at  NSRRC  in  the  near  future. 
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Table  1:  Characteristics  of  the  helium  cryogenic  system. 
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Abstract 

National  Synchrotron  Radiation  Research  Center 
(NSRRC)  is  planning  to  install  two  500  MHz 
super-conducting  radio  frequency  (SRF)  cavitll4ies  and 
six  super-conducting  magnet  (SM)  modules.  For  the 
cryogenic  requirements,  we  are  presently  constructing  a 
helium  cryogenic  system.  The  cryostat  properties  of  the 
SRF  cavities  and  the  SM  modules  are  so  different  that  in 
our  design  the  cryogenic  system  has  two  cryogenic  plants 
(465 W  or  110  liters  per  hour  @4.5  K  for  every  plant), 
one  is  for  the  SRF  cavities  and  the  other  is  for  the  SM 
modules.  The  two  plants  are  independent  in  normal 
operation.  However,  when  the  cryogenic  plant  for  the 
SRF  cavities  shuts  down,  the  other  one  can  be  transferred 
to  supply  the  SRF  cavities,  and  we  design  a  distribution 
valve  box  to  carry  out  the  transformation. 


NSRRC  REQUIREMENTS 

National  Synchrotron  Radiation  Research  Center 
(NSRRC)  is  a  third-generational  1.5  Gev  light  source. 
There  are  23  beam-lines  now  in  NSRRC  to  supply  light 
from  IR  to  hard  x-ray  for  experiments.  Initially  NSRRC 
does  not  have  any  super-conducting  systems.  To  promote 
the  storage  ring,  NSRRC  is  planning  to  replace  the  initial 
conventional  radio  frequency  (RF)  cavity  by  the 
super-conducting  radio  frequency  (SRF)  cavity,  and 
install  some  super-conducting  magnet  (SM)  modules  as 
hard  x-ray  beam-line  sources. 

There  are  totally  two  500  MHz  SRF  cavities  and  six 
SM  modules  will  be  installed  in  the  storage  ring.  Figure  1 
shows  their  locations,  where  the  refrigerators  and  the 
liquid  helium  main  Dewars  are  located  on  a  platform 
beside  the  storage  ring.  The  estimated  heat  leak  of  these 


Main 

Dewar 


Figure  1 :  Locations  of  SRF  cavities  and  SM  modules. 
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super  conducting  systems,  associated  valve  boxes,  and 
cryogenic  transfer  lines  are  shown  in  Fig.  2.  For  the 
cryogenic  requirements,  we  are  planning  to  construct  a 
cryogenic  system  with  two  cryogenic  plants  (herein 
named  MCP1  for  SRF  cavities  and  MCP2  for  SM 
modules),  and  the  capacity  of  every  plant  is  465W  or 
110  L/hr  @  4.5  K. 

The  cryogenic  quality  demands  of  the  SRF  cavities 
and  the  SM  modules  are  so  different.  The  SRF  cavities 
ask  the  pressure  fluctuation  must  be  less  than  3  mbar 
and  the  level  fluctuation  must  be  less  than  1%  in  its 
liquid  helium  vessel.  The  SM  modules  ask  the  pressure 
as  low  as  possible,  but  do  not  care  for  the  fluctuation  of 


pressure  and  level.  Besides,  the  SM  modules  will 
sometimes  quench  and  release  huge  quantity  of  helium 
gas  in  short  time.  Therefore,  the  SRF  cavities  and  the  SM 
modules  can’t  be  supplied  by  one  cryogenic  plant,  and  in 
our  design  the  two  cryogenic  plants  must  normally 
operate  independently.  However,  only  several  beam-lines 
will  shut  down  if  the  SM  modules  shut  down,  but  the 
storage  ring  will  shut  down  if  the  SRF  cavities  shut  down, 
i.e.,  about  thirty  beam-lines  will  shut  down.  Hence,  we 
ask  the  MCP2  can  be  transferred  to  supply  the  SRF 
cavities  when  the  MCP1  shuts  down,  and  we  design  a 
distribution  valve  box  to  carry  out  this  transformation. 


Figure  2:  Estimated  heat  leak  of  SRF  cavities,  SM  module,  and  associated  valve  boxes  and  piping. 


CRYOGENIC  SYSTEM 

Our  cryogenic  system  is  shown  in  Fig.  3,  where  the 
distribution  valve  box  is  the  key  part  in  our  design.  In 
normal  operation,  the  valves  VI 02,  VD01,  VD02  close, 
and  VD03,  VD04,  V101,  V201  open.  That  is,  the  SRF 
cavities  are  supplied  by  MCP1,  and  the  SM  modules  are 
supplied  by  MCP2.  When  the  MCP1  shuts  down  but  we 


still  want  the  SRF  cavities  to  operate,  we  close  the 
valves  V101  and  VD03,  and  open  the  valves  V102,  VD01 
and  VD02.  Then  the  SRF  cavities  get  the  liquid  helium 
from  MCP2,  and  return  the  cold  and  warm  gas  back  to 
MCP2.  In  the  same  time,  the  thermal  release  helium  gas 
from  MCP 1 ,  the  SM  modules,  and  their  phase  separators 
will  also  goes  back  to  the  MCP2. 
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Main  compressor  1 


Main  compressor  2 


Warn  helium  gas  return 


Figure  3:  Cryogenic  system  of  NSRRC. 


Our  design  has  some  advantages.  (1)  The  storage  ring 
can  operate  if  any  one  of  the  two  cryogenic  plants  works. 
This  point  is  very  important  for  us  because  now  our  user 
time  is  crowded,  and  we  have  to  avoid  any  unexpected 
storage  ring  shut  down  caused  by  the  cryogenic  system 
accidents.  (2)  The  cryogenic  system  for  the  SRF  cavities 
and  the  SM  modules  are  isolated.  If  the  SRF  cavities  and 
the  SM  modules  are  supplied  by  the  same  cryogenic 
plant,  the  quenches  of  the  SM  modules  will  disturb  the 
pressure  of  the  SRF  cavities  through  the  suction  line, 
and  the  electron  beam  in  the  storage  ring  maybe  will  run 
trip.  (3)  Our  design  is  the  simplest  way  for  that  MCP2  is 
the  backup  of  MCP1.  Only  the  distribution  valve  box  is 
the  additional  part  for  the  backup  function.  The  two 


cryogenic  plants  can  be  different  capacities,  operated  by 
different  control  systems,  and  from  different  vendors.  Of 
cause,  our  design  has  some  weak  points.  (1)  Two 
cryogenic  plants  are  more  expensive  and  complex  than  a 
large  one  with  the  same  total  capacity.  (2)  There  is 
additional  heat  leak  (estimated  at  20W)  form  the 
distribution  valve  box. 

SUMMARY 

Now  the  user  time  in  NSRRC  is  crowded,  and  we  have  to 
do  our  best  to  avoid  any  unexpected  storage  ring  shut 
down  and  electron  beam  run  trip  caused  by  the  cryogenic 
system  accidents.  The  design  of  NSRRC  cryogenic 
system  is  based  on  our  special  requirements. 
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TECHNIQUES  FOR  SYNCHRONIZATION  OF  X-RAY  PULSES  TO  THE 
PUMP  LASER  IN  AN  ULTRAFAST  X-RAY  FACILITY* 

J.  N.  Corlett,  L.  Doolittle,  R.  Schoenlein,  J.  Staples,  R.  Wilcox,  and  A.  Zholents,  LBNL,  Berkeley,  California,  USA 


Abstract 

Accurate  timing  of  ultrafast  x-ray  probe  pulses  emitted 
from  a  synchrotron  radiation  source  with  respect  to  the 
signal  initiating  a  process  in  the  sample  under  study  is 
critical  for  the  investigation  of  structural  dynamics  in  the 
femtosecond  regime.  We  describe  schemes  for  achieving 
accurate  timing  of  femtosecond  x-ray  synchrotron  radiation 
pulses  relative  to  a  pump  laser,  where  x-rays  pulses  of 
<100  fs  duration  are  generated  from  the  proposed  LUX 
source  based  on  a  recirculating  superconducting  linac.  We 
present  a  description  of  the  timing  signal  generation  and 
distribution  systems  to  minimize  timing  jitter  of  the  x-rays 
relative  to  the  experimental  lasers. 

PRODUCING  FS  X-RAY  PULSES  FROM  PS 
ELECTRON  BUNCHES 

The  techniques  described  here  are  developed  for 
synchronization  of  ultrafast  x-ray  pulses  produced  in  the 
LUX  recirculating  linac  facility  [1,2].  In  this  recirculating 
linac-based  design,  hard  x-rays  are  produced  after  electron 
bunches  receive  a  time-correlated  vertical  kick  in  a  dipole¬ 
mode  rf  cavity.  This  imparts  to  the  electron  bunch  a 
transverse  momentum  that  is  correlated  in  amplitude  to 
longitudinal  position  within  the  bunch.  The  electrons  then 
radiate  x-rays  in  the  downstream  chain  of  undulators  and 
dipole  magnets,  imprinting  this  correlation  in  the 
geometrical  distribution  of  the  x-ray  pulse.  The  correlated  x- 
ray  pulse  is  then  compressed  by  use  of  asymmetrically  cut 
crystal  optics  to  achieve  the  ultra-short  x-ray  pulse  length. 
Stability  of  the  x-ray  pulse  to  bunch  arrival  time  at  the 
deflecting  cavities  is  described  in  [1,3]. 

A  laser-seeded  cascaded  harmonic-generation  scheme 
produces  EUV  and  soft  x-ray  pulses  [4].  In  this  process  the 
electron  beam  is  passed  through  an  undulator  where  a  co¬ 
propagating  seed  laser  modulates  the  charge  distribution 
over  a  short  length  of  the  bunch.  The  imposed  modulation 
results  in  enhanced  radiation  at  specific  wavelengths  and  a 
selected  wavelength  is  amplified  in  a  following  undulator, 
tuned  to  a  higher  harmonic  of  the  seed  laser.  The  harmonic- 
generation  scheme  has  been  developed  and  demonstrated  at 
the  Brookhaven  DUV  FEL  facility  [5].  The  process  is 
directly  seeded  by  a  laser  system,  and  the  seed  laser 
oscillator  can  also  be  used  to  drive  the  endstation  pump 
laser,  resulting  in  tight  synchronization  between  laser  pump 
and  x-ray  probe  pulses. 


MASTER  OSCILLATOR 

We  propose  a  laser  oscillator  as  master  oscillator  for 
the  LUX  facility,  providing  optical  pulses  at  -  80  Mhz 
rate  to  the  multiple  experimental  endstations,  the 
cascaded  harmonic  generation  seed  laser,  and  the  if 
photocathode  laser.  In  addition,  the  same  master 
oscillator  provides  rf  signals  by  use  of  photodiodes.  The 
optical  signals  must  be  transported  with  fs-scale  timing 
stability  over  distances  of  approximately  100  m. 

Figure  1  shows  the  block-diagram  of  a  master 
oscillator  based  on  a  passively  modelocked  femtosecond 
laser  cavity  providing  optical  pulses  of  less  than  100  fs 
duration.  In  essence,  this  laser  is  a  highly  stable  comb 
generator.  By  illuminating  a  photodiode  with  output 
pulses  from  this  laser,  one  can  generate  RF  harmonics 
extending  from  the  fundamental  oscillator  frequency 
(cavity  frequency  =  81.25  MHz,  round  trip  time  =  12.3 
ns),  up  to  the  bandwidth  limit  of  the  photodiode  (which 
can  extend  well  into  the  GHz  range).  Thus,  this  laser  is 
a  direct  source  for  all  the  necessary  RF  signals  for  the 
linac  and  other  rf  systems.  Because  the  laser  is  passively 
modelocked,  the  phase  noise  is  substantially  lower  than 
that  of  conventional  RF  oscillators  at  frequencies  above 
~1  kHz.  The  dominant  phase  noise  contribution  for  such 
lasers  originates  typically  from  mirror  motion  due  to 
environmental  acoustics  as  well  as  amplitude  noise  of  the 
pump  laser.  With  advances  in  stable  diode-pump  sources, 
pump  laser  effects  can  be  largely  eliminated.  In  addition, 
air  turbulence  effects  are  eliminated  in  hermetically  sealed 
cavities,  and  in  modelocked  fiber  lasers,  both  of  which 
are  available  from  commercial  vendors.  Low  frequency 
acoustic  effects  and  long-term  cavity  drift  can  be 
effectively  suppressed  by  locking  the  fundamental  cavity 
frequency  to  a  conventional  high-stability  rf  generator  by 
constructing  a  phase-locked  loop  as  illustrated  in  Figure 
1,  in  which  the  laser  cavity  acts  as  a  voltage-controlled 
oscillator  by  modulating  the  cavity  length  with  a  moving 
mirror  attached  to  a  piezoelectric  transducer.  Thus,  a 
femtosecond  laser  phase-locked  to  a  stable  rf  generator 
provides  phase  noise  levels  which  match  that  of  the  if 
generator  at  low  frequencies  (DC  to  -1  kHz),  and  ate 
substantially  better  at  high  frequencies.  Table  1 
summarizes  the  essential  characteristics  for  two  potential 
master  oscillator  laser  systems. 
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Figure  1.  Schematic  diagram  of  an  rf-stabilized  modelocked  laser  oscillator 


Table  1.  Master  oscillator  laser  parameters 


Master  oscillator  laser 

Ti:  sapphire 

Er  fiber 

Timing  iitter 

<50  fs 

<50  fs 

Phase  noise 

<120  dBc/Hz 

<120  dBc/Hz 

Pulse  duration  (fs) 

<100 

2000 

Wavelength  («m) 

0.78 

1.55 

Repetition  rate  (MHz) 

81 

81 

Average  power  (W) 

-1 

-0.01 

TIMING  DISTRIBUTION 

The  optical  distribution  system  must  be  extremely 
stable,  particularly  with  respect  to  path  length  drift  (e.g. 
a  path  length  drift  of  only  10  pm  corresponds  to  a  time 
shift  of  30  fs).  One  approach  is  to  use  free-propagating 
beams  and  mirrors.  In  this  case,  pointing  stability  will 
require  an  active  position  feedback  system  and 
hermetically  sealed  (low  vacuum)  optical  transport 
lines.  A  second  and  currently  preferred  approach  is  to 
use  a  fiber  delivery  system.  With  either  approach, 
active  monitoring  of  the  path  length  stability  is 
assumed.  This  may  be  accomplished  by  back-reflecting 
a  cw  reference  laser,  with  interferometric  techniques  to 
monitor  and  control  the  path  length  via  a  piezo-driven 
variable  optical  delay  line. 

One  advantage  of  an  optical  fiber  delivery  system  is 
that  it  completely  eliminates  any  pointing  stability 
problem.  However,  in  a  fiber  delivery  system  the 
nonlinear  optical  effects  and  pulse-stretching  effects 
(group-velocity  dispersion)  must  be  managed,  by 
propagating  sufficiently  low  pulse  energies  and  by 
using  photonic  bandgap  fiber  in  which  the  group 
velocity  dispersion  is  balanced  by  the  modal  dispersion. 
Alternatively,  by  choosing  a  fiber  laser  operating  at 
1.55  //m  as  the  master  oscillator  laser,  one  can  take 
advantage  of  zero-dispersion  fiber  that  is  routinely  used 
for  telecommunications  applications. 

Figure  2  illustrates  the  general  layout  of  the  master 
oscillator  and  timing  systems  for  a  fiber  system.  The 
passively  modelocked  laser  oscillator  coupled  to  a  high- 
stability  rf  generator  is  the  original  source  for  the  if 
signals  required  for  the  linac,  as  well  as  the  original 
source  of  seed  laser  pulses  for  laser  amplifiers  at  various 


locations  in  the  facility.  The  photocathode  drive 
consists  of  a  second  laser  system  (oscillator/amplifier 
combination)  that  is  slaved  to  the  master  oscillator. 
Laser  pulses  from  the  master  oscillator  are  distributed 
via  an  optical  transport  system  to  various  beamlines. 
At  the  beamline  endstations  a  separate  modelocked 
femtosecond  laser  oscillator  (synchronized  to  the  master 
oscillator),  followed  by  a  power  amplifier,  provides  the 
pump  signal  to  the  sample. 

DELAY  LINES  AND  PATH  LENGTHS 

The  path  lengths  from  the  master  oscillator  laser  to 
the  various  beamline  endstations  will  in  general  not 
match  the  path  length  of  the  electron  beam  and  x-rays. 
Thus,  delay  lines  will  be  required.  These  delay  lines 
should  be  as  compact  as  possible  and  the  length  kept  to 
a  minimum  (-1  m)  in  order  to  preserve  stability.  An 
important  point  is  that  the  master  oscillator  laser  acts 
as  an  extremely  stable  optical  delay  line.  Beamline 
users  can  select  any  pulse,  within  a  given  time  window 
(from  the  81  MHz  train  of  pulses)  for  triggering 
subsequent  sample  excitation. 

SYNCHRONIZATION  OF  SYSTEMS 

Synchronization  of  lasers  to  femtosecond  timescales 
by  rf  locking  at  high  harmonics  in  the  GHz  frequency 
range  has  been  demonstrated  by  several  groups  [6,7,8]. 
We  propose  to  use  similar  techniques  to  ensure 
synchronization  between  the  master  oscillator  and  all 
other  laser  oscillators  in  the  facility.  Experimental 
demonstration  of  locking  lasers  to  fs  stability  using  ps 
duration  master  oscillator  pulses  is  to  be  demonstrated. 

In  addition  to  synchronization  of  the  laser  systems, 
the  electrical  rf  signals  in  the  accelerator  will  be  derived 
from  the  optical  master  oscillator  by  high  frequency 
photodiodes,  commercially  available  up  to  60  GHz 
bandwidth.  Use  of  low-noise  rf  signal  amplifiers  reduces 
the  electrical  noise  to  the  inherent  Schottky  noise  in  the 
diode.  Rf  feedback  systems  as  depicted  in  Figure  3 
control  the  phase  and  amplitude  of  the  rf  waveforms  in 
the  accelerator  cavities,  to  control  modulation  arising 
predominantly  from  microphonics  in  the 
superconducting  cavities. 
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Figure  2.  Schematic  of  fiber  distribution  network  with  path  length  control  A1  =  ±2  pm,  At  =  ±7  fs. 


DEFLECTING  CAVITIES  AND  PHASE 
NOISE 

The  phase  of  the  deflecting  cavity  voltage  with 
respect  to  the  experimental  pump  laser  is  most  critical 
in  hard  x-ray  synchronization  in  LUX  [1,3].  Phase 
noise  from  a  passively  modelocked  femtosecond  laser  is 
typically  superior  to  rf  sources  at  frequencies  above  ~  1 
kHz,  and  the  deflecting  cavity  loaded  bandwidth  may  be 
adjusted  to  allow  the  cavity  phase  to  follow  the  low- 
frequency  variations  inherent  in  the  laser  master 
oscillator,  with  minimal  residual  timing  jitter  resulting 
from  the  laser  phase  noise.  To  control  the  cavity  phase 
and  amplitude  a  system  similar  to  that  shown  in  Figure 
3  will  be  employed.  The  drive  power  to  control  the 
superconducting  cavities,  even  with  loaded  bandwidth  of 
1  kHz,  remains  in  the  order  of  100  W.  Controlling  the 
cavity  phase  to  0.01°  would  result  in  a  timing  stability 
of  7  fs.  The  expected  timing  jitter  for  the  hard  x-ray 
pulses,  including  effects  of  movements  in  the  beamline 
downstream  of  the  deflecting  cavities,  is  then  a  few  tens 
of  femtoseconds 


Figure  3.  Rf  systems  control  schematic. 

ELECTRON  BEAM  TIMING  JITTER 

Contributors  to  the  timing  jitter  in  the  electron  beam 
include  photoinjector  laser  and  rf  errors,  time  of  flight 


changes  in  the  transport  lines  due  to  energy  variation 
from  coherent  synchrotron  radiation  emission,  and 
magnet  ripple.  The  lattice  design  has  been  carefully 
developed  to  control  and  minimize  path  length 
variations  as  a  function  of  bunch  charge,  for  example 
[9].  These  effects  are  currently  being  evaluated  to 
produce  a  timing  jitter  budget  -  our  initial  estimate  is 
that  the  jitter  in  the  electron  beam  with  respect  to  the 
master  oscillator  will  be  approximately  ±0.5  ps.  This 
is  well  within  the  requirements  for  overlap  of  the 
cascaded  harmonic  generation  seed  pulse,  and  the 
requirement  that  the  electron  beam  arrive  in  the  linear 
region  of  the  rf  waveform  in  the  deflecting  cavities. 
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Abstract 

During  top-up  operations  of  the  Advanced  Photon 
Source  (APS)  storage  ring,  a  growth  of  the  charge  in  the 
buckets  on  the  trailing  time  side  of  the  target  rf  buckets 
was  observed  in  the  bunch  purity  monitor  data.  This 
system  is  based  on  a  photon  counting  technique  that 
provides  sub-ns  time  resolution  with  a  dynamic  range  of 
greater  than  106.  The  satellite  bucket  growth  was  related 
to  the  number  of  linac  bunches  being  injected  into  the 
particle  accumulator  ring  (PAR)  and  the  adjustment  of  the 
12  harmonic  rf  cavity  phase.  Besides  measuring  this 
growth  in  the  +3,+l  buckets  relative  to  the  22  singlets 
targeted  during  top-up,  we  also  report  a  special 
configuration  and  extended  counting  period  that  detected 
charge  at  the  10‘9  level  of  the  target  bucket. 

INTRODUCTION 

The  Advanced  Photon  Source  (APS)  storage  ring  serves 
as  a  national  hard  x-ray  synchrotron  user  facility  [1].  In 
additional  to  the  requirements  of  high  brilliance  of  hard  x 
rays,  beam  stability  at  the  few-micron  rms  jitter  level,  and 
>95%  availability,  the  bucket  purity  of  the  fill  pattern  is 
monitored  at  the  one  part  in  a  million  level.  The  timing 
experiment  users  (e.g.,  nuclear  resonance  experiments) 
request  that  the  adjacent  bucket  charge/intensity  on  the 
trailing  time  side  (+)  of  the  target  rf  buckets  should  be  less 
than  1CT6  of  the  target  bunch.  This  is  particularly  relevant 
when  the  fill  pattern  is  nominally  1+22  singlets  with  the 
22  singlets  spaced  by  54  rf  buckets  (352  MHz  rf 
fundamental).  Any  charge  in  the  buckets  on  the  late  side 
becomes  a  background  source  to  the  experiments 
triggered  by  the  target  buckets.  The  bunch  purity 
measurement  is  done  by  the  standard  photon  counting 
system  based  on  a  fast  x-ray  avalanche  photodiode 
(APD),  timing  electronics,  and  an  analog-to-digital 
converter  (ADC)  linked  to  the  EPICS  system.  Although 
bunch  purity  is  very  stable  in  our  injections  done  at  12- 
hour  intervals,  our  system  detected  a  change  in  the  bunch 
purity  of  the  +1  bucket  during  top-up  operations  where 
single-shot  injection  occurs  every  two  minutes.  We  have 
traced  this  to  the  change  in  the  number  of  linac  bunches 
selected  for  injection  into  the  particle  accumulator  ring 
(PAR)  and  the  adjustments  of  the  PAR  12th  harmonic  rf 
phase  during  top-up.  Examples  of  the  bunch  purity 
measurements  from  a  standard  fill  and  the  evolution 
during  top-up  will  be  shown. 


♦Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 
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EXPERIMENTAL  BACKGROUND 

Some  background  about  the  injector  and  the  bunch 
purity  system  will  now  be  presented. 

APS  Injector  System 

The  APS  uses  an  S-band  linac  to  accelerate  electrons 
from  the  rf  thermionic  gun.  The  electron  beam 
macropulse  is  about  8  ns  long  and  typically  includes  about 
1  nC  of  charge.  The  beam  energy  is  325  MeV  at  the  end 
of  the  linac,  and  this  beam  is  accumulated  in  the  PAR  at 
up  to  a  30-Hz  rate.  The  number  of  macropulses  can  be 
selected  from  1  to  6.  The  beam  is  damped  in  the  PAR 
with  the  assistance  of  a  12th  harmonic  cavity  at  117.3 
MHz.  The  beam  is  extracted  at  a  2-Hz  rate  and  injected 
into  the  injector  synchrotron  (IS),  which  ramps  the  energy 
up  to  7  GeV  in  a  200-ms  time  period.  Extraction  from  the 
booster  and  injection  into  the  storage  ring  (SR)  also  can 
occur  at  a  2-Hz  rate  under  standard  conditions,  such  as  a 
fill  from  zero  charge  or  a  fill-on-fill  procedure  done  at 
12-h  intervals.  However,  for  top-up  operations  with  the 
1+22  singlets  pattern  and  low  effective  emittance  of  about 
2.9  nm-rad,  the  charge  from  the  injection  is  added  in  one 
shot  every  two  minutes.  In  order  to  compensate  for  the 
shorter  lifetime  of  the  latter  fill  pattern,  ~  2.8  nC  per  shot 
is  needed  so  more  linac  bunches  are  selected  to  inject  into 
the  PAR.  Initially  there  was  no  procedure  to  retime  the 
PAR  rf  for  this  beam  loading  change. 

The  Bunch  Purity  Monitor 

The  bunch  purity  monitor  is  based  on  the  standard 
photon  counting  system  [2,3],  which  uses  a  fast  x-ray 
APD,  timing  electronics,  a  time-to-amplitude  converter 
(TAC),  and  an  ADC  linked  to  the  EPICS  system.  A 
bunch  clock  generator  built  by  the  APS  Controls  Group 
provides  a  timing  reference  for  each  of  the  buckets 
targeted  for  charge  in  the  prescribed  fill  pattern.  A 
schematic  of  the  system  is  shown  in  Fig.  1.  X  rays 
emitted  by  the  beam  as  it  transits  an  upstream  dipole 
magnet  are  transported  through  a  pinhole  aperture  to  a 
stainless  steel  scattering  foil.  The  APD  is  at  90°  to  the  x- 
ray  beam  direction  and  positioned  by  a  remotely 
controlled  translation  stage.  The  x-ray  arrival  times  are 
compared  in  the  TAC  to  these  bunch  clock  signals.  The 
multichannel  analysis  (MCA)  time  spectrum  is  the 
average  of  the  bucket  purity  adjacent  to  each  of  the 
targeted  singlets.  Count  rates  in  the  detector  of  80  kc/s 
result  in  the  106  counts  in  the  target  peak  after  300  s.  Due 
to  the  PAR’S  12th  harmonic  being  one  third  of  the  IS  and 
SR  fundamental  frequency,  it  is  possible  for  charge  to 
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appear  in  the  ±3  bucket  position.  The  +1  bucket  is 
usually  very  weakly  populated  unless  there  are  timing 
drifts  in  the  12th  harmonic  phase. 


(cturtftomSM) 

E.*p> 

ami  imm 

Figure  1 :  A  schematic  of  the  photon  counting  electronics 
layout  for  the  bunch  purity  monitor. 

EXPERIMENTAL  RESULTS 

Top-Up  Operations 

The  initial  observations  of  bucket  purity  degradation 
occurred  after  the  top-up  operations  became  routine  in  the 
Fall  of 2001 .  The  bucket  purity  was  better  than  10'6  at  the 
+1  and  +3  buckets  just  after  filling  from  zero  current  to 
100  mA,  as  shown  in  Fig.  2.  However,  within  eight  hours 
the  bucket  purity  was  measurably  degraded  to  about 
5  x  10'5.  In  a  later  run  this  degradation  of  the  +1  and  +3 
buckets  reached  the  10 5  level  after  98  hours  as  shown  in 
Fig.  3.  The  nominal  operations  guideline  is  to  maintain 
the  bunch  purity  ratio  better  than  10"5. 
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Figure  2:  An  example  of  the  bunch  purity  measurement 
from  the  MCA  showing  the  dominant  signal  on  the  target 
bucket  and  the  minimal  signal  on  the  late  time  side  (left) 
after  the  fill  from  zero  current. 
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Figure  3:  An  example  of  the  bunch  purity  measurement 
from  the  MCA  after  98  hours  of  top-up  operations.  The 
growth  of  the  +1  and  +3  bucket  intensity  is  to  a  level  of 
about  10‘5  of  the  target  bucket. 


Controlled  Experiments 

Studies  were  conducted  to  investigate  the  difference  in 
the  injection  procedure  between  initial  fills  and  top-up.  It 
was  recognized  that  the  initial  fill  was  done  by  injection 
only  one  or  two  linac  macropulses  into  the  PAR,  but  for 
top-up  the  operators  switched  to  three  or  four  linac 
macropulses.  The  PAR  12th  harmonic  rf  was  usually 
optimized  for  the  first  injection  scenario,  but  not  the 
second.  We  were  able  to  demonstrate  this  by  dedicated 
studies  with  the  injector  and  storage  ring  on  several 
occasions.  We  filled  the  storage  ring  to  102  mA  each 
time  using  two,  three,  four,  and  five  linac  bunches 
selected  for  injection  into  the  PAR.  The  two-bunch  case 
is  particularly  clean  as  shown  in  Fig.  4.  The  four-bunch 
case  is  shown  in  Fig.  5.  There  is  significant  +1  impurity 
at  the  10*4  level.  For  the  four-  and  five-bunch  cases  we 
obtained  a  large  +1  bucket  impurity,  which  indicates  an 
instability  in  the  PAR  rf  system  (since  the  12th  harmonic 
of  the  PAR  is  1/3  of  the  SR  rf  frequency).  We  were  also 
able  to  clean  these  impurities  by  selectively  driving  the 
weak  bunches  into  a  scraper  blade.  This  test  was  done 
partly  to  develop  the  capability  to  clean  the  impure 
buckets  and  partly  to  demonstrate  the  signals  were  bunch- 
charge  related  and  not  electronic  noise  (see  Fig.  6).  The 
12  harmonic  function  generator  has  been  changed  and 
retuned  to  provide  better  damping  of  the  beam  and  better 
phase  stability.  The  growth  of  the  satellite  buckets  has 
been  reduced  during  top-up  operations  with  these  steps. 
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Figure  4:  An  example  of  the  bunch  purity  measurement 
from  the  MCA  using  two  linac  bunches  per  cycle  into  the 
PAR.  Bunch  purity  is  nominal. 
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Figure  5:  An  example  of  the  bunch  purity  from  the  MC  A 
using  four  linac  bunches  per  cycle  (1/2  s)  into  the  PAR. 
Bunch  purity  is  degraded  noticeably. 
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Figure  6:  An  example  of  the  bunch  purity  from  the  MCA 
after  bunch  cleaning  using  a  resonantly  driven  beam 
oscillation. 


Ultrahigh  Bucket  Purity 

During  the  course  of  these  tests,  an  additional  effect 
was  reported  by  a  user  experiment  on  very  small 
intensities  (10*9  level)  in  the  satellites  32-36  buckets  away 
from  the  target  singlets  [4].  This  effect  appeared  to  have 
some  correlation  with  the  +1  and  +3  bucket  growth.  We 
opened  up  the  pinhole  aperture  upstream  of  the  APD  and 
moved  the  detector  closer  to  the  scattering  foil  to  obtain 
count  rates  of  about  500  k  per  second.  We  also  integrated 
the  MCA  data  over  a  24-hour  period.  We  were  able  to 
confirm  trace  charges  in  these  far  away  buckets  (which 
are  close  to  one  period  of  the  PAR)  at  the  10‘9  level  as 
shown  in  Fig.  7. 
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Figure  7:  An  example  of  the  bunch  purity  from  the  MCA 
with  statistics  to  the  109  range.  There  are  a  few  counts  at 
the  +32  bucket  position. 


SUMMARY 

In  summary,  we  have  used  the  bunch  purity  system  to 
identify  a  degradation  of  the  bunch  purity  during  top-up 
operations.  Controlled  experiments  were  used  to  verify 
their  source,  and  an  improved  tuning  of  the  PAR’s  12th 
harmonic  phase  has  reduced  the  effect.  We  also 
demonstrated  the  ability  to  measure  satellite  impurity  to 
the  10‘9  level. 
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Abstract 

The  Fermi  National  Accelerator  Laboratory  (FNAL)  is 
currently  pursuing  a  number  of  projects  where  either 
beam  luminosity  for  the  Tevatron  collider  (Run  II)  or 
proton  intensity  for  neutrino  experiments  requires  careful 
tracking  of  beam  properties  throughout  the  facility  or 
before  a  target.  The  feasibility  of  using  optical  transition 
radiation  (OTR)  imaging  for  the  proton  (or  antiproton) 
beam  sizes  in  transport  lines  between  the  rings  of  the 
facility  has  recently  been  evaluated.  Based  on 
comparisons  to  electron  beam  results  at  the  Advanced 
Photon  Source  (APS)  linac  and  proton  results  at  CERN, 
the  potential  of  OTR  imaging  at  FNAL  looks  very 
encouraging. 

INTRODUCTION 

Particle-beam  diagnostic  techniques  based  on  optical 
transition  radiation  (OTR)  have  been  demonstrated  at  a 
number  of  facilities  over  a  wide  range  of  beam  energy  (or 
Lorentz  factor,  y).  The  preponderance  of  these 
measurements  has  been  on  electron  accelerators  where  the 
beams  have  y  >10  and  adequate  charge  (~  109  e')  within  a 
30-ms  video  camera  frame  time  to  produce  useable 
images.  The  potential  for  online  imaging  of  proton  beams 
with  y>10  at  the  accelerators  at  Fermi  National 
Accelerator  Laboratory  (FNAL)  has  recently  been 
reviewed.  The  accelerators  at  FNAL  involve  a  number  of 
projects  where  proton  beam  intensity  for  the  Tevatron 
collider  (currently  in  Run  II)  or  proton  intensity  for 
neutrino  experiments  requires  careful  tracking  of  beam 
properties  throughout  the  facility  or  before  a  target  [1], 
The  feasibility  of  using  OTR  imaging  for  the  intense 
proton  beams  is  evaluated  in  comparison  to  electron-beam 
results  at  the  Advanced  Photon  Source  (APS)  linac  [2] 
and  proton-beam  results  at  CERN  [3].  The  scalings  on  y 
and  the  charge  intensity  indicate  significant  levels  of  OTR 
will  be  generated  by  the  generally  lower  y,  but  higher- 
intensity  (5  x  1012  p)  proton  beams.  The  signal  levels  are 
compatible  with  standard  CCD  or  CID  camera 
technology.  In  addition,  by  using  a  thin  metal  screen  as 
the  converter  foil,  a  minimally  intercepting  beam  profile 
capability  would  be  attained. 

BACKGROUND 

FNAL  Complex 

The  FNAL  accelerator  complex  has  evolved  during  the 
last  decades.  Major  upgrades  have  included  the 

*  Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 


construction  of  the  Tevatron  with  its  superconducting 
magnet  upgrade  and  the  addition  of  the  new  Main  Injector 
(MI)  ring.  The  protons  from  the  linac  are  stacked  and 
ramped  to  8  GeV  in  the  booster.  A  transport  line,  MI-8, 
brings  the  protons  to  the  new  MI,  which  ramps  the  beam 
energy  to  120  GeV.  As  can  be  seen  in  Fig.  1,  the  protons 
are  extracted  through  the  PI  line  to  F0  where  they  are 
either  switched  into  the  Tevatron  or  else  continue  along 
the  P2  line  to  FI 7.  At  FI 7  the  protons  are  switched  to  the 
AP-1  line  and  directed  to  the  antiproton  target.  The 
prototype  experiment  with  OTR  is  to  be  done  in  the  AP-1 
proton  line  just  upstream  of  the  target.  During  normal 
antiproton  production,  protons  are  sent  to  the  target  in  a 
single  1.6-ps-long  pulse  train  every  2  to  3  seconds. 

OTR  Background 

Optical  transition  radiation  is  generated  when  a 
charged-particle  beam  transits  the  interface  of  two  media 
with  different  dielectric  constants  (e.g.,  vacuum  to  metal 
or  vice  versa)  [3-6].  The  effect  is  a  surface  phenomenon 
that  might  be  simply  understood  as  the  collapsing  of  the 
electric  dipole  formed  by  the  approaching  beam  charge 
and  its  image  charge  in  the  metal  at  the  surface.  As  the 
fields  readjust,  a  burst  of  radiation  is  emitted.  The 
expression  for  the  single-particle  spectral  angular 
distribution  of  the  number  of  photons,  Nj,  per  unit 
frequency  (co)  and  solid  angle  (d£2)  is  given  by  [6,7], 

i!SL.L,P_s! _ K’+o,1) 

where  e  is  the  electron  charge,  ft  is  Planck’s  constant 
divided  by  2n,  c  is  the  speed  of  light,  y  is  the  Lorentz 
factor,  and  6*  and  0y  are  angles  relative  to  the  beam 
direction.  The  reflectivity  of  the  surface  for  perpendicular 

and  parallel  polarized  light  is  |r1>(|  | 2 .  In  this  paper  we  are 

only  dealing  with  a  single-foil,  single-particle  expression 
and  its  product  with  Np,  the  number  of  particles. 

Since  it  is  a  surface  phenomenon,  thin  foils  are  often 
used  as  the  converter  screen  to  reduce  beam  scattering  and 
to  minimize  heat  deposition.  The  latter  feature  is  of 
particular  importance  for  proton  beams  due  to  their  higher 
dE/dx  than  that  of  electrons.  The  radiation  is  emitted 
around  the  angle  of  specular  reflection  for  backward 
(vacuum  to  metal)  OTR  so  that  if  the  foil  is  at  45°  to  the 
beam  direction,  the  radiation  is  at  90°  to  the  beam 
direction.  This  is  schematically  illustrated  in  Fig.  2. 
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OPTICAL  TRANSITION  RADIATION  PATTERNS 
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The  basic  strategy  is  to  convert  the  particle-beam 
information  to  optical  radiation  and  then  to  take 
advantage  of  imaging  technology  such  as  cameras,  video 
digitizers,  and  image  processing  programs.  These 
techniques  can  provide  information  on  transverse 
position,  transverse  profile,  divergence,  beam  angle, 
emittance,  intensity,  energy,  and  bunch  length.  In  the  case 
of  the  proton  beam  applications,  beam  position  and 
transverse  profile  are  the  two  parameters  of  interest, 
particularly  the  latter.  As  mentioned,  the  possibility  that 
beam  scattering  effects  are  negligible  compared  to 
intrinsic  beam  properties  would  make  this  a  minimally 
intercepting  technique  (potentially  online  at  all  times 
subject  to  foil  survivability). 
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Figure  2:  A  schematic  of  the  OTR  radiation  cases  for 
normal  incidence  and  for  the  foil  at  45°  to  the  beam 
direction.  Backward  and  forward  OTR  are  emitted  at  the 
two  interfaces.  The  Cherenkov  radiation  pattern  is  shown 
for  comparison. 


OTR  FEASIBILITY  CONSIDERATIONS 

Electron  Beams 

The  feasibility  of  using  the  OTR  techniques  for  the 
FNAL  proton  beams  was  assessed  in  part  by  considering 
recent  experiments  at  the  APS  linac.  We  have  performed 
experiments  with  electron  beam  energies  from  50  to  600 
MeV.  The  0.3-nC  micropulse  from  an  rf  photocathode 
gun  or  the  1-nC  macropulse  from  the  rf  thermionic  gun 
was  accelerated  and  sampled  at  several  beamline  stations. 
Beam  imaging  was  successful  for  such  charges,  and  beam 
sizes  of  about  0.2  mm  (a)  were  measured  [2]. 
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Proton  Beams 

Since  the  original  work  by  Jelley  with  intense  proton 
beams  in  the  1950s  [5],  a  significant  amount  of  work  has 
been  done  at  CERN  beginning  with  collaborations  with 
L.  Wartski  in  1984  [3].  The  CERN  results  indicate 
imaging  screens  of  aluminized  mylar  or  thin  Ti  foils  can 
survive  proton  beams  of  1012  particles  and  with  beam 
focus  sizes  of  a  few  mm  [8]. 

Potential  FNAL  Proton  Beam  Case 

.  Although  several  cases  have  been  considered  at  FNAL, 
we  have  recently  directed  our  attention  towards  a 
measurement  of  the  120-GeV  proton  beams  in  the  AP-1 
transport  line  upstream  of  the  antiproton  production 
target.  At  this  location  there  was  an  air  gap  in  the 
transport  line  as  part  of  a  vacuum  isolation  of  the 
downstream  Be  vacuum  window  and  the  rest  of  the 
beamline.  At  the  air-gap  z  location  the  beam  is  not  tightly 
focused,  and  the  two  Ti  foil  vacuum  windows  on  either 
end  of  the  gap  establish  the  survivability  of  foils  at  this 
location.  A  Ti  foil  in  the  air  gap  at  45°  to  the  beam  would 
serve  as  the  OTR  converter  screen.  A  mirror  and  lens 
system  will  transport  the  OTR  to  the  in-tunnel  CID 
camera. 

The  expected  beam  properties  for  the  protons  are 
compared  to  the  known  electron  beam  case  at  APS  in 
Table  1.  For  comparable  y  between  the  beams,  the  key 
particle  number  of  5  *  1012  for  the  protons  indicates  about 
103  times  more  light  than  the  electron  cases.  The  camera 
will  be  integrating  the  signal  over  the  84  bunches  of 
protons  in  the  1.6-ps-long  pulse  train.  However,  the 
reflectivity  of  Ti  is  less  than  the  A1  mirror  used  in  the 
electron  beam  case,  and  the  proposed  CID  camera  is  less 
sensitive  to  light  than  the  CCD  technology.  These  factors 
reduce  the  system  sensitivity  by  50-100,  but  there  still 
should  be  a  strong  video  signal.  Measurement  of 
individual  bunches  could  be  done  with  a  gated,  intensified 
camera. 

Table  1:  A  comparison  of  OTR  imaging  for  electron 
beams  to  120-GeV  proton  beams.  The  application  looks 
feasible  in  context  of  signal  strength,  spatial  resolution, 
and  minimally  intercepting  foils. 


Feature 

Electrons 

Proton 

Beam  size  (a) 

200  pm 

1  mm 

Macropulse 

8-40  ns 

2  ps 

Q(nC) 

0.3 

800 

Particle  # 

1.8  x  10* 

- 

Y 

100-14000 

129 

Theta  peak 

10-0.07  mrad 

8  mrad 

SUMMARY 

In  summary,  the  very  high-energy  proton  beams  with 
their  high  particle  intensity  are  strong  candidates  to  be 
imaged  by  OTR  techniques.  An  initial  experiment  in  a 
transport  line  is  being  planned  in  CY03.  Following  a 
successful  demonstration,  a  three-screen  emittance 
measurement  and  beta-function  matching  configuration 
may  be  installed  between  the  main  injector  and  the 
Tevatron  for  both  the  proton  and  antiproton  transfer  lines. 
This  would  be  used  to  evaluate  and  optimize  beam 
conditions  in  support  of  Run  II.  Other  possible 
applications  involve  the  proton  transport  lines  that  support 
the  neutrino  experiments. 
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RECENT  CHARACTERIZATIONS  OF  ELECTRON  BEAMS 
FROM  THE  APS  LINAC* 

A.H.  Lumpkin*,  WJ.  Berg,  M.  Borland,  and  J.  Lewellen 
Advanced  Photon  Source,  Argonne  National  Laboratory,  Argonne,  IL  60439  USA 


Abstract 

The  Advanced  Photon  Source  (APS)  facility  includes 
an  S-band  linear  accelerator  (linac)  that  normally  provides 
beam  for  the  injection  system  of  the  7-GeV  storage  ring. 
This  beam  is  usually  generated  by  one  of  two  rf 
thermionic  guns  or  the  rf  photocathode  (PC)  gun  under 
special  circumstances.  When  the  beams  are  not  required 
for  injection,  we  may  characterize  them  at  a  station 
located  at  the  end  of  the  linac.  At  this  station  we  have 
begun  a  retrofit  and  upgrade  of  the  optics  on  the 
diagnostics  table  that  is  outside  of  the  linac  enclosures. 
For  beam  transverse  profiling  studies,  a  CCD  camera  was 
used  to  image  the  beam  spot  at  the  YAG:Ce  screen  or  the 
optical  transition  radiation  (OTR)  screen.  In  using  the 
quadrupole  field  scanning  technique  we  demonstrate  that 
the  YAG:Ce  saturation  effect  is  present  under  these 
conditions  so  that  OTR  imaging  is  needed  for  PC  gun 
beam.  A  Hamamatsu  C5680  streak  camera  with  OTR  and 
a  zero-phasing  rf  technique  with  an  electron  spectrometer 
were  used  for  bunch  length  measurements  of  beam  from  a 
newly-installed  rf  thermionic  gun.  These  results  will  also 
be  presented. 

INTRODUCTION 

Interest  continues  in  the  characterization  of  the  linear 
accelerator  (linac)  beams  at  the  Advanced  Photon  Source 
(APS)  as  components  are  upgraded  or  configurations 
changed.  The  APS  facility  includes  an  S-band  linac  that 
normally  provides  beam  for  the  injection  system  of  the  7- 
GeV  storage  ring.  This  beam  is  generated  by  one  of  two 
rf  thermionic  guns  or  the  rf  photocathode  (PC)  gun  under 


special  circumstances.  When  the  beams  are  not  occupied 
with  injection,  we  may  characterize  them  at  several 
stations  along  the  accelerator.  In  particular,  we  report 
here  observations  at  the  end  of  the  linac  that  were 
supported  by  a  recent  upgrade  of  the  optics  on  the 
diagnostics  table.  The  beam  transverse  profile 
measurements  were  performed  at  325  MeV  using  the  PC 
gun  beam  and  both  YAG:Ce  and  optical  transition 
radiation  (OTR)  screens.  We  demonstrated  that  during  the 
quadrupole  field  scanning  techniques  used  in  the 
emittance  measurements,  the  beam  charge  areal  density 
crossed  the  saturation  threshold  of  the  YAG:Ce  crystal  so 
OTR  imaging  was  needed  [1].  We  also  evaluated  the 
beam  bunch  length  as  a  function  of  the  scraper  position  in 
the  alpha  magnet  associated  with  the  rf  thermionic  gun. 
Both  a  streak  camera  technique  with  OTR  and  the  zero¬ 
phasing  rf  technique  with  an  electron  spectrometer  were 
used.  These  measurements  clearly  showed  that  a  shorter 
bunch  length  (albeit  with  less  charge)  could  be  obtained 
by  scraping  off  the  lower  energy,  later  arriving  electrons. 
A  preliminary  comparison  of  the  results  at  the  sub-ps  level 
is  presented. 

EXPERIMENTAL  BACKGROUND 

These  experiments  were  performed  at  the  APS  using 
beams  accelerated  by  the  S-band  linac,  which  is  normally 
used  as  part  of  the  injector  system  for  the  7-GeV  storage 
ring.  The  measurements  were  performed  at  the  end  of  the 
linac  at  an  energy  of  325  MeV,  the  nominal  energy  for 
operations.  As  shown  schematically  in  Fig.  1,  either  the  rf 
thermionic  gun  or  rf  PC  gun  can  be  used  to  provide  beam 


Visible  Light  Diagnostics  (VLD) 


Figure  1:  A  schematic  of  the  APS  linac  with  its  guns,  accelerator,  and  diagnostic  locations. 
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to  the  linac.  The  thermionic  gun  system  includes  an  alpha 
magnet  for  compression  and  injection  of  beam  into  the 
linac  line.  The  PC  gun  beam  can  be  compressed  with  a 
chicane  bunch  compressor  as  described  elsewhere  [2]. 

For  the  beam  transverse  profiling  experiments,  the 
beam  was  imaged  at  the  same  location  indicated  for  the 
streak  camera  in  Fig.  1  and  just  beyond  the  electron 
spectrometer.  At  the  time  of  these  experiments  a  crossed 
polarizer  under  EPICS  control  was  added  for  remote  light 
intensity  control  in  front  of  the  CCD  camera  that  imaged 
the  YAG:Ce  screen  or  OTR  screen.  The  visible  light  was 
transported  by  mirrors  and  a  set  of  achromat  lenses  from 
the  linac  tunnel  to  the  optics  table  outside  of  the  radiation 
enclosure.  In  the  case  of  the  YAG:Ce  screen  tests,  this 
remote  intensity  control  was  used  during  the  quadrupole 
field  scan  to  balance  the  video  level  signals  generated.  In 
the  case  of  the  OTR  tests,  the  intensity  was  adjusted  by 
the  use  of  the  neutral  density  filters  to  avoid  the  factor  of 
4  attenuation  overhead  of  the  crossed  polarizers.  The 
Vicon  CCD  was  operated  in  the  line-locked  mode  to 
provide  a  synchronization  with  the  camera,  line-locked 
linac,  and  the  MaxVideo  200  video  digitizer. 

For  the  bunch  length  measurements,  the  Hamamatsu 
C5680  streak  camera  with  OTR  and  the  zero  phasing  rf 
technique  with  the  electron  spectrometer  were  used.  The 
locations  are  shown  in  Fig.  1.  Due  to  the  low  charge  per 
micropulse  (~30  pC)  in  the  8-ns-long  macropulse  from  the 
rf  thermionic  gun,  the  streak  camera  images  were  taken  in 
synchroscan  mode  at  119.0  MHz  as  a  10-shot  or 
micropulse  average.  However,  the  Chromox  converter 
screen  in  the  focal  plane  of  the  electron  spectrometer  has  a 
slow  time  response  that  averaged  the  effects  of  all  25 
micropulses  in  each  macropulse.  By  adjusting  the  rf 
accelerator  phase  in  a  section  upstream  of  the 
spectrometer  so  the  micropulse  arrived  on  the  maximum 
slope  of  the  rf  cycle,  the  arrival  times  of  the  electrons 
were  encoded  as  energy  differences.  The  energy  plane 
became  a  time  axis  for  the  micropulses.  Our  initial 
experiments  with  the  newly  installed  gun  were  to  evaluate 
the  effects  of  the  alpha-magnet  scraper  position  on 
observed  micropulse  bunch  length  and  to  compare  the  two 
measurement  techniques. 

EXPERIMENTAL  RESULTS 

In  this  section  we  will  present  the  results  of  the 
transverse  and  longitudinal  beam  profiling  experiments. 

Transverse  Beam  Profile  Results 

One  of  the  goals  of  these  beam  profiling  experiments 
was  to  determine  if  the  YAG:Ce  converter  screen  could  be 
reliably  used  for  beam  characterizations  of  the  PC  gun 
beam  at  this  location.  We  rely  on  beam  size 
measurements  based  on  YAG:Ce  screen  at  150  MeV  after 
the  chicane  to  evaluate  emittance  and  in  the  PAR  bypass 
regime.  We  had  previously  discovered  an  effective 
threshold  for  saturation,  where  above  certain  areal  charge 
densities  the  screen  gives  a  blurred  image  [1].  The 
quadrupole  scans  were  first  done  with  the  YAG:Ce  screen 


and  then  repeated  with  the  OTR  screen.  The  image 
intensities  were  adjusted  so  that  we  operated  with  similar 
video  levels  into  the  video  digitizer.  The  results  of  the 
scans  are  shown  in  Fig.  2.  The  YAG:Ce  images  are 
systematically  a  little  larger  than  the  OTR  images,  and 
this  is  particularly  true  at  the  beam  waist.  The  saturation 
effect  results  in  an  overestimate  of  the  PC  gun  beam  size 
by  a  factor  of  1.75.  This  is  again  a  demonstration  that 
tightly  focused  beams  of  300  pC  per  pulse  can  exceed  the 
saturation  threshold  in  YAG:Ce  crystals,  so  care  must  be 
taken  in  employing  such  screens  for  beam 
characterizations. 


Figure  2:  A  comparison  of  beam  sizes  measured  as  a 
function  of  quadrupole  field  strength  using  the  YAG:Ce 
screen  and  the  OTR  screen.  Smaller  beam  sizes  are 
observed  with  the  OTR  technique  at  the  beam  waist. 

Bunch  Length  Measurement  Results 

Our  newly-installed  rf  thermionic  gun  (#2)  was  next 
evaluated.  The  macropulse  contained  about  0.7  nC  with 
the  scraper  at  the  out  position  (reading  9.5  cm).  At  this 
position  an  rms  bunch  length  of  about  2  ps  was  measured 
by  both  techniques.  An  example  of  the  streak  image  is 
given  in  Fig.  3,  and  a  tabulation  of  results  for  several 
images  and  conditions  is  provided  in  Table  1.  As  the 
scraper  is  put  further  into  the  beam  in  the  dispersive  point 
of  the  alpha  magnet,  the  low-energy  tail  and  then  the  core 
on  the  low  energy/later  time  side  are  trimmed.  At  the 
11.5-cm  scraper  position  a  very  narrow  peak  at  about  the 
expected  streak  camera  resolution  limit  of  0.6  ps  is 
observed.  There  is  some  evidence  of  the  gun  or  rf 
transitioning  between  conditions  that  result  in  two  bunch 
length  states.  A  bandpass  filter  with  40-nm  width  was 
used  to  reduce  the  chromatic  temporal  effects  in  the  streak 
camera  input  optics. 

Statistical  fluctuations  seemed  reduced  in  the  zero¬ 
phasing  rf  technique  data.  Evaluations  of  the  bunch 
length  vs.  scraper  position  are  shown  in  Fig.  4.  The 
shortest  bunch  length  calculated  at  the  scraper  setting  of 
1 1.7  cm  is  below  the  streak  camera  resolution.  However, 
we  believe  these  initial  cross  comparisons  of  the  two 
techniques  also  contributed  to  the  gun  characterization. 
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Table  1:  A  Tabulation  of  Preliminary  Streak  Camera  Results  versus  Alpha-Magnet  Scraper  Settings 


Run  # 

Scraper 

Position 

(cm) 

Charge: 

L5  cml 
(nC) 

Raw  FWHM 
(PS) 

#  Averaged 

Raw 

Estimated  a 
(ps) 

A 

9.5 

0.7 

4.6 

1 

2.0 

A 

11.0 

0.6 

3.0 

2 

1.3 

A 

11.3 

0.4 

2.6 

2 

1.1 

B 

9.5 

0.8 

5.1 

6 

2.2 

B 

11.0 

0.7 

4.1 

2 

1.7 

B 

11.5 

0.3 

3.4 

2 

1.5 

2.4 

3 

1.0 

Figure  3:  An  example  of  a  streak  image  of  the  rf 
thermionic  gun  beam  for  a  scraper  setting  of  9.5  cm.  The 
time  axis  is  the  vertical  axis,  and  the  x-profile  is  on  the 
horizontal  axis. 
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Figure  4:  A  plot  of  the  measured  bunch  length  using  the 
zero-phasing  rf  technique  vs.  the  alpha-magnet  scraper 
position. 


SUMMARY 

In  summary,  we  have  used  our  imaging  techniques  at 
the  end-of-linac  station  (sta-5)  to  determine  the  limitation 
of  the  YAG:Ce  screen  for  small,  bright  beams  at  325 
MeV.  In  addition,  we  have  performed  the  first  bunch 
length  measurements  as  a  function  of  alpha-magnet 
scraper  position  for  our  new  rf  thermionic  gun.  Sub-ps 
bunch  lengths  were  obtained,  although  at  very  low  charge 
per  micropulse. 
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Abstract 

The  interest  in  generation  and  characterization  of 
ultrabright  electron  beams  for  experiments  at  the 
Advanced  Photon  Source  (APS)  resulted  in  the 
installation  of  a  four-dipole  chicane  bunch  compressor 
within  the  linac.  Both  rf  thermionic  guns  and  an  rf 
photocathode  (PC)  gun  can  be  used  to  generate  the 
electron  beams  with  ps-regime  bunch  lengths.  The  bunch 
compressor  can  then  be  used  to  produce  sub-ps  bunches. 
In  support  of  this  initiative,  a  coherent  transition  radiation 
(CTR)  bunch  length  monitor  based  on  a  far-infrared  (FIR) 
Michelson  interferometer  was  also  installed  at  a  location 
just  downstream  of  the  compressor.  It  used  a  room- 
temperature  Golay  ceil  as  the  FIR  detector.  Processing  of 
the  autocorrelation  data  indicated  that  structures  shorter 
than  500  fs  were  being  generated. 

INTRODUCTION 

The  generation  and  characterization  of  ultrabright 
electron  beams  continues  to  be  of  interest  to  the 
accelerator  community.  At  the  Advanced  Photon  Source 
(APS)  we  have  addressed  these  issues  in  part  by  the 
installation  of  a  four-dipole  chicane  bunch  compressor  [1] 
at  the  150-MeV  point  in  the  linac  and  in  part  by  the 
installation  of  a  bunch  length  monitor  based  on  coherent 
transition  radiation  (CTR)  techniques  [2,3].  In  the  cases 
where  the  rf  photocathode  (PC)  gun  and  rf  thermionic  gun 
generate  ps-long  bunches,  the  bunch  compressor  can  be 


used  to  shorten  the  bunch  to  the  sub-ps  domain.  In  this 
domain  a  FIR  Michelson  interferometer  has  been  used  to 
detect  radiation  in  the  sub-300-pm-wavelength  regime 
and  to  perform  an  autocorrelation  of  that  signal  so  that 
profile  information  can  be  obtained.  These  experiments 
were  the  first  at  the  APS  with  the  device  installed  after  the 
chicane.  Previous  results  were  reported  for  a  50-MeV 
location  located  after  the  a-magnet  of  the  thermionic  gun 
[3].  A  zero-phasing  rf  technique  was  also  used  with  the 
analyzing  magnet  at  the  end  of  the  linac  to  verify  that 
very  short  bunches  were  being  generated.  Both 
measurement  techniques  indicate  there  is  a  narrow  time 
spike  at  the  leading  edge  of  the  pulse  that  results  in  the 
higher  peak  current  at  that  point. 

EXPERIMENTAL  BACKGROUND 

These  experiments  were  performed  at  the  APS  using 
beam  accelerated  by  the  S-band  linac,  which  is  normally 
used  as  part  of  the  injector  system  for  the  7-GeV  storage 
ring.  We  have  obtained  data  with  both  the  PC  gun,  which 
generates  a  single  micropulse  at  6  Hz,  and  the  thermionic 
gun  with  an  8-ns-long  macropulse.  As  seen  in  Fig.  1  the 
PC  gun  beam  is  at  the  150-MeV  point  at  the  bunch 
compressor  due  to  the  additional  accelerator  structure 
available  upstream  of  the  thermionic  gun  location.  The 
guns  and  linac  are  described  elsewhere  [4,5]. 

The  location  of  the  CTR  monitor  after  the  chicane 
compressor  is  also  seen  in  Fig.  1.  The  FIR  interferometer 
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Figure  1:  A  schematic  of  the  APS  linac  with  bunch  compressor,  CTR  monitor  locations,  and  electron  spectrometer 
indicated. 
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was  described  in  [3].  It  is  based  on  the  autocorrelation  of 
FIR  CTR  generated  as  the  charged-particle  beam  strikes  a 
metal  mirror  oriented  at  45°  to  the  beam  direction.  This 
particular  interferometer  has  a  novel,  compact  design 
using  an  Inconel-coated  beam  splitter.  A  Golay  cell, 
model  OAD-7  from  QMC  Ltd.,  is  used  as  the  FIR 
detector.  Its  entrance  window  transmits  well  from  20  jum 
to  1  mm.  The  moveable  arm  of  the  interferometer  and  the 
data  acquisition  are  handled  via  EPICS.  The  bunch 
profile  was  calculated  using  a  fast  Fourier  transform 
(FFT)  of  the  autocorrelation  followed  by  an  application  of 
the  minimal  phase  approximation  of  Lai  and  Sievers  [6]. 
Complementary  bunch  length  measurement  information  is 
available  at  the  end  of  the  linac  using  the  rf  zero-phasing 
technique  combined  with  the  electron  spectrometer  (see 
Fig.  1). 

EXPERIMENTAL  RESULTS 

The  electron  beam  was  transported  through  the  bunch 
compressor  with  the  phasing  of  the  accelerating  structure 
just  before  the  chicane  adjusted  for  the  desired  energy¬ 
time  correlation  in  the  beam. 

PC  rf  Gun  Results 

Without  compression  the  beam  was  measured  using  the 
zero-phasing  technique  to  have  a  bunch  length  of  ~  3ps 
(FWHM).  For  a  charge  of  200  pC,  the  beam  compression 
was  increased  so  that  the  bunch  was  shorter  at  -  1  ps. 
Then  the  compression  was  further  optimized,  and  the 
CTR  interferometer  scan  was  performed.  The  processed 
autocorrelation  results  indicate  a  300-fs  FWHM,  as  seen 
in  Fig.  2.  A  rephasing  of  rf  was  done  to  lengthen  the 
pulse,  and  the  result  is  shown  in  Fig.  3.  The  intensity 
profile  has  shifted  out  towards  the  500-fs  regime.  The 
gun  was  reoptimized  at  300  pC  and  at  good  compression. 
Under  these  conditions  another  autocorrelation  was 
obtained  and  processed  as  shown  in  Fig.  4.  The  beam  was 
then  transported  to  the  rf  zero-phasing  test  location  at  the 
end  of  the  linac,  and  the  bunch  length  of  0.45  ±  0.02  ps 
was  determined  using  maximum  power  in  the  last 
accelerating  structure.  After  rephasing  the  beam  to  be  on 
rf  crest  in  L2  (before  the  compressor)  the  measured  bunch 
length  was  2.2  ±  0.3  ps  (rms),  but  no  CTR  signal  was 
detected  at  this  longer  bunch  length. 

Thermionic  rf  Gun  Results 

We  operated  with  about  1  nC  in  24  bunches  from  the 
thermionic  gun.  This  corresponds  to  about  42  pC/bunch. 
Two  CTR  scans  were  taken,  and  the  shortest  result  was 
290  fs  (FWHM).  This  would  imply  about  140  A  peak 
current.  Figure  5  shows  the  processed  autocorrelation 
that  provides  the  time  profile.  The  leading  edge  spike  is 
present  as  in  the  data  for  the  PC  gun.  There  appears  to  be 
a  measurable  difference  in  this  spike  width  from  the  two 
gun  sources.  The  data  with  the  single  micropulse  is 
narrower  than  the  average  of  24  micropulses. 


Figure  2:  The  derived  longitudinal  bunch  profile  using 
the  CTR  data  for  the  compressed  PC  gun  beam  at  200  pC. 


Figure  3:  The  derived  longitudinal  bunch  profile  using 
the  CTR  data  for  the  partly  dephased  beam.  Note  the 
increased  intensity  near  500  fs  compared  to  Fig.  2. 


Figure  4:  The  derived  longitudinal  bunch  profile  using 
the  CTR  data  for  the  PC  gun  beam  at  300  pC. 
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Figure  5:  The  derived  longitudinal  bunch  profile  using 
the  CTR  data  for  the  thermionic  gun  beam. 


SUMMARY 

In  summary  we  have  obtained  our  initial  measurements 
of  the  beam  following  the  chicane  bunch  compressor. 
Two  different  gun  sources  were  assessed  by  the  FIR  CTR 
interferometer.  The  compressed  PC  gun  beam  was 
subsequently  used  for  a  number  of  self-amplified 
spontaneous  emission  ffee-electron  laser  experiments.  A 
more  complete  assessment  of  the  CTR  system  detector 
efficiencies  for  various  bunch  lengths  is  still  warranted. 


ACKNOWLEDGEMENTS 

The  authors  acknowledge  the  support  of  O.  Singh, 

G  Decker,  A.  Rauchas,  R.  Gerig,  and  R.  Klaffky  of  the 

APS. 

REFERENCES 

[1]  M.  Borland,  J.  W.  Lewellen,  and  S.  V.  Milton,  in 
Proc.  of  the  XX  Linac  Accelerator  Conference  (e 
Conf.  Menlo  Park,  CA  2000)  p.  863. 

[2]  U.  Happek,  E.  B.  Blum,  A.  J.  Sievers,  Phys.  Rev. 
Lett.  67  (1991)  2962. 

[3]  A.  H.  Lumpkin  et  al.,  Nucl.  Instrum,  and  Methods, 
A475  (2001)  476-480. 

[4]  S.  Biedron  et  al.,  Proc.  of  the  IEEE  1999  Particle 
Accelerator  Conference,  New  York,  NY,  pp.  2024- 
2026  (2001). 

[5]  J.  W.  Lewellen  et  al.,  Proc  of  the  1998  Linac 
Conference,  Chicago,  IL,  pp.  1288-1290  (2001). 

[6]  R.  Lai,  A.  J.  Sievers,  AIP  Conf.  Proc.  367  (1996)  31, 

and  references  therein.  i. 


2422 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


X-RAY  IMAGING  OF  THE  APS  STORAGE  RING  BEAM  STABILITY 
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Abstract 

The  Advanced  Photon  Source  (APS)  7-GeV  storage 
ring  serves  as  a  national  x-ray  synchrotron  radiation  user 
facility.  The  stability  and  beam  quality  of  the  electron 
beam,  and  hence  the  photon  beams,  are  monitored 
continuously  by  an  array  of  diagnostics.  In  particular,  x- 
ray  imaging  techniques  are  employed  in  the  diagnostics 
sector  of  the  ring  to  characterize  beam  position,  size,  and 
emittance.  The  x-ray  synchrotron  radiation  (XSR) 
emitted  by  the  electrons  as  they  pass  through  the  field  of  a 
dipole  magnet  is  imaged  by  a  pinhole  camera.  The 
images  are  processed  by  a  Datacube  MV200  video 
digitizer,  and  the  results  are  provided  through  the  EPICS 
platform.  We  have  detected  the  effects  on  the  beam 
ranging  from  the  arrival  of  shock  waves  from  the  Alaskan 
earthquake  of  November  3,  2002  to  the  variation  of  the 
undulator  fields  by  the  users  during  their  scans.  In  the 
latter  case,  the  beam  size  effects  were  observed  at  the 
submicron  level.  Examples  of  beam  centroid  and  size 
effects  will  be  presented  including  some  due  to 
longitudinal  instabilities  at  elevated  stored  beam  currents. 

INTRODUCTION 

As  a  national  x-ray  synchrotron  radiation  user  facility, 
the  Advanced  Photon  Source  (APS)  7-GeV  storage  ring 
must  be  held  to  a  high  performance  level  [1].  The 
stability  and  beam  quality  of  the  electron  beam,  and  hence 
the  photon  beams,  are  monitored  continuously  by  an  array 
of  diagnostics.  The  beam  orbit  stability  is  predominantly 
measured  by  rf  beam  position  monitors  (BPMs)  [2]  while 
the  beam  transverse  quality  issues  are  assessed  by 
imaging  techniques.  In  particular,  x-ray  imaging 
techniques  are  employed  in  the  diagnostics  sector  of  the 
ring  to  characterize  beam  profile,  beam  position,  and 
emittance.  The  x-ray  synchrotron  radiation  (XSR) 
emitted  by  the  electrons  as  they  pass  through  the  field  of  a 
dipole  magnet  is  imaged  by  a  pinhole  camera.  The 
images  are  processed  by  a  video  digitizer,  and  the  results 
are  provided  through  the  EPICS  platform.  Improvements 
to  the  system  since  commissioning  have  made  it  possible 
to  detect  submicron  effects  in  a  100-pm  beam  size.  Since 
the  digitizer  operates  at  30  Hz,  we  have  the  potential  to 
see  subtle  effects  in  the  beam.  These  have  ranged  from 
the  arrival  of  shock  waves  from  the  Alaskan  earthquake  of 
November  3,  2002,  to  the  variation  of  the  undulator  fields 
during  their  scans.  We  noted,  in  particular,  the  cycling  of 
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the  circularly  polarized  undulator  (CPU)  magnetic  fields 
in  a  run  in  the  Fall  of  2002.  In  addition,  we  report  the 
beam  size  effects  in  the  horizontal  (dispersive)  plane  due 
to  longitudinal  instabilities  encountered  during  studies  at 
higher  stored  beam  currents  such  as  120  mA  and  200  mA. 

EXPERIMENTAL  BACKGROUND 

The  APS  facility  includes  an  injector  system  based  on 
an  S-band  linac,  a  particle  accumulator  ring  (PAR)  for 
stacking  and  damping  charge,  and  an  injector  synchrotron 
to  ramp  the  beam  energy  to  7  GeV  plus  the  7-GeV  storage 
ring.  The  storage  ring  (SR)  has  an  1104-m  circumference 
and  is  composed  of  40  sectors  of  a  standard  lattice.  There 
are  a  total  of  80  dipoles  of  which  34  are  available  for  x- 
ray  source  points  and  provision  for  34  straights  for  user 
insertion  devices  (IDs)  and  one  straight  (S35)  dedicated 
for  diagnostics  of  the  particle  and  photon  beams.  The 
nominal  stored  beam  current  is  100  mA,  and  this  is 
routinely  maintained  in  top-up  operations  by  one-shot 
injection  of  charge  every  two  minutes.  The  beam  stability 
is  monitored  by  rf  BPMs,  and  the  feedback  systems 
reduce  the  beam  jitter  to  less  than  2.5  pm  and  1.5  pm  for 
the  horizontal  and  vertical  components,  respectively,  in  a 
20-Hz  bandwidth  [2]. 

The  beam  quality  is  evaluated  by  using  the  XSR 
emitted  as  the  electrons  encounter  the  magnet  field  of  the 
S35  dipole  bending  magnet  (BM).  The  source  is  imaged 
at  about  0.86  magnification  by  using  an  in- vacuum  4-jaw 
aperture  located  9.0  m  from  the  BM  source  point.  The  x- 
ray  information  is  converted  to  visible  light  by  a  YAG:Ce 
crystal  located  16.63  m  from  the  source  point.  Two 
mirrors  and  two  lenses  are  used  to  image  the  beam  spot 
onto  a  CCD  camera.  A  target  grid  at  the  plane  of  the 
crystal  is  used  to  validate  the  focus  of  the  system  and 
determine  the  calibration  factor  of  6.8  pm/ch  and  5.7 
pm/ch  for  the  x  and  y  axes,  respectively.  The  pinhole 
aperture  is  typically  set  at  15  pm  by  15  pm,  and  the 
effective  system  resolution  is  about  22  pm  in  both  planes 
[3]. 

The  video  information  is  processed  by  a  dedicated 
Datacube  MV200  video  digitizer  and  the  results  are 
provided  through  the  EPICS  platform.  The  beam  images 
are  fit  to  a  Gaussian  profile  at  the  video  rate.  The  beam 
sizes  and  positions  are  process  variables  that  can  be 
tracked  and  archived.  With  an  independent  determination 
of  the  beta  functions  and  dispersion  at  the  source  point, 
the  beam  emittance  and  coupling  factor  are  also 
calculated,  displayed,  and  archived.  Short-term  storage  of 
these  values  at  a  1-  to  30-Hz  rate  is  possible.  Long-term 
archives  use  sampling  rates  of  once  per  minute. 
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EXPERIMENTAL  RESULTS 

In  the  process  of  daily  review  of  the  beam  size, 
position,  and  emittance  data  irregular  behavior  can  be 
noted  and  targeted  for  a  more  detailed  analysis  as  in  the 
first  two  cases.  The  third  example  is  from  a  machine 
studies  case. 

Alaskan  Earthquake  of  November  3,  2002 

On  a  quiet  Sunday  afternoon  in  November  2002,  a 
beam  orbit  excursion  resulted  in  limits  being  exceeded 
and  an  abort  of  the  beam  for  machine  protection  purposes 
at  about  16:37  hrs.  The  routine  review  of  the  beam 
motion  prior  to  this  loss  of  beam  in  Fig.  1  uncovered  an 
unusual  pattem/frequency  of  motion.  This  centroid 
motion  and  a  correlated  beam  size  oscillation  were  also 
recorded  in  the  fast  data  logger  data  of  the  pinhole  images 
as  shown  in  Figs.  2  and  3,  respectively.  An  inspection  of 
the  data  shows  that  the  orbit  became  perceptively  noisy 
several  minutes  before  the  beam  loss.  There  were  ~11 
oscillations  at  tens  of  microns  amplitude  in  a  5-minute 
period  just  before  the  beam  loss.  Since  these  were  not 
compatible  with  signatures  of  betatron  motion  or  rf 
difficulties,  further  inquiries  were  made  to  explain  the 
beam  loss.  It  was  noted  that  the  Fermi  Lab  Tevatron  also 
had  a  beam  loss  at  nearly  the  same  time.  One  of  their 
operators  assigned  their  observed  beam  motion  to  the 
arrival  of  the  shock  waves  from  the  Alaskan  earthquake  of 
November  3  (initiated  at  16:12:41  CST)  [4].  We  also 
found  some  corroborating  information  on  the  U.S. 
Geological  Survey  web  pages  for  a  seismic  detector  site  in 
Ann  Arbor,  Michigan  [5],  The  compressions  of  our  ring 
circumference  by  the  shock  waves  were  sufficient  to  be 
easily  detected  by  our  diagnostics.  The  p-wave  took 
about  seven  minutes  to  arrive  in  the  region,  but  the  more 
significant  seismic  detector  activity  started  at  16:32. 

Undulator  Field  Variation  Effects 

Later  in  the  same  month  we  observed  again  a  small, 
strange  variation  in  the  vertical  beam  size  and  calculated 
emittance.  The  period  in  this  case  was  about  one  hour, 
and  the  amplitude  was  about  ±  0.5  pm  out  of  the  43-pm 
vertical  signal.  By  searching  through  the  process 
variables  for  insertion  device  activity,  we  noticed  the  tests 
of  the  CPU  had  involved  cycling  of  the  current  values  and 
hence  fields  at  this  period.  A  strong  correlation  in  the 
vertical  emittance  (beam  size)  values  is  seen  with  this 
cycling  of  the  magnetic  field  as  determined  by  a 
comparison  of  data  shown  in  Fig.  4  and  Fig.  5,  the  vertical 
emittance  and  current  readback,  respectively.  Very  little 
effect  was  seen  in  the  horizontal  emittance. 

Detection  of  Longitudinal  Instabilities 

Since  the  x-ray  source  point  is  at  a  dispersive  location 
in  the  lattice,  the  energy  spread  contribution  (75  and 
45  pm)  to  the  total  observed  beam  size  of  140  or  95  pm 
for  the  high-emittance  and  low-emittance  lattices, 
respectively,  is  a  detectable  factor.  We  have 
commissioned  the  SR  to  run  stably  at  100  mA,  but  in  our 


studies  for  higher  currents  at  120  and  200  mA  we  have 
readily  detected  the  growth  of  the  horizontal  beam  size 
due  to  a  presumed  longitudinal  instability  as  shown  in 
Fig.  6  (stable)  and  Fig.  7  (unstable).  In  these  cases  the 
onset  of  the  instability  was  at  the  102-  to  103-mA  regime, 
and  adjustments  were  made  to  the  rf  cavity  temperature 
set  points  to  reduce  the  higher-order-mode  effects. 


Tire  starling  Nov  3  1  5:5?:C1  2007 

Figure  1:  A  plot  of  rf  BPM  x-position  readings  at  Sector 
15  from  1600  to  1700  hours  on  November  3,  2002.  The 
beam  loss  was  at  about  16:37.  Beam  was  restored  by 
16:50  (fast  data  logger). 


Time  s sorting  Sun  Ncv  3  '  5:57:0"'  2002 

Figure  2:  A  plot  of  the  x  centroid  of  the  pinhole  image  as 
processed  from  Sector  35  from  1600  to  1700  hours  on 
November  3,  2002  (fast  data  logger). 


Ime  storting  Sjn  Nov  3  1  5:57:01  2002 

Figure  3:  A  plot  of  the  x  sigma  fit  results  of  the  pinhole 
images  processed  from  Sector  35  from  1600  to  1700 
hours  on  November  3,  2002.  The  oscillations  are  only  a 
few  microns  prior  to  beam  loss,  but  the  peaks  are  aligned 
with  the  centroid  motion  (fast  data  logger). 
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Time  stcrting  Sun  Nov  17  1 1 :24:03  2C02 


Figure  4:  A  plot  of  the  y  emittance  results  of  the  pinhole 
images  processed  from  Sector  35  from  1200  to  1800  on 
November  17,  2002.  There  is  a  statistically  significant 
beam  size  oscillation  of  ±  0.5  pm  with  about  a  1-hour 
period. 


Time  storting  Sun  Nov  17  11:24:30  2002 

Figure  5:  A  plot  of  the  Sector  4  CPU  horizontal  coil 
readback  in  A  from  1200  to  1800  hours  on  November  17, 
2002.  The  larger  vertical  beam  emittance/size  is 
correlated  with  the  -650-A  value  and  the  smaller  value 
with  the  -950-A  value. 
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Figure  6:  An  x-ray  pinhole  image  of  the  particle  beam  at 
S35  in  stable  condition  against  a  longitudinal  instability  at 
102  mA. 
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SUMMARY 

In  summary,  the  x-ray  imaging  diagnostics  are  used  not 
only  to  validate  beam  quality,  but  also  to  help  in 
identifying  the  sources  of  extraneous  effects  on  the  beam. 
These  effects  ranged  from  a  far-away  earthquake  to  the 
subtle  effects  of  ID  fields  varying.  The  resolution  and 
stability  of  the  diagnostic  system  have  met  the  challenge. 
New  challenges  of  supporting  lower-emittance  lattices 
with  lower  vertical  coupling  are  pushing  the  resolution 
requirements,  so  further  developments  are  in  the  planning 
stage. 
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Figure  7:  An  x-ray  pinhole  image  of  the  particle  beam  at 

S35  in  unstable  conditions  for  a  longitudinal  instability  at 

103  mA. 

REFERENCES 

[1]  J.N.  Galayda,  “The  Advanced  Photon  Source,”  Proc. 
of  the  1995  Particle  Accelerator  Conference,  IEEE, 
Vol.  l,pp.  4-8  (1996). 

[2]  G  Decker,  J.  Carwardine,  O.  Singh,  “Fundamental 
Limits  on  Beam  Stability  at  the  Advanced  Photon 
Source,”  BIW  1998,  ATP  Conf.  Proc.  451,  pp.  237- 
244(1998). 

[3]  B.  Yang,  A.H.  Lumpkin,  L.  Emery,  and  M.  Borland, 
“Recent  Developments  in  Measurement  and  Tracking 
of  the  APS  Storage  Ring  Beam  Emittance,”  BIW 
2000,  AIP  Conf.  Proc.  546,  pp.  622-630  (2000). 

[4]  Tevatron  Online  Status  logbook  of  November  3, 
2002,  Fermi  National  Accelerator  Laboratory. 

[5]  Information  obtained  from  the  U.S.  Geological 
Survey  webpage,  http://www.usgs.gov. 


2425 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


SUPERCONDUCTING  RESONATOR  AS  BEAM-INDUCED  SIGNAL  PICKUP 

S.  I.  Sharamentov,  B.  E.  Clifft,  P.  N.  Ostroumov,  R.  C.  Pardo,  G.  P.  Zinkann,  ANL,  Argonne  IL 

60439,  USA 


Abstract 

The  first  demonstration  of  a  superconducting  resonator 
(SCR),  installed  for  beam  acceleration,  to  detect  the 
arrival  time  of  a  beam  bunch  is  described.  The  detecting 
resonator  is  operated  at  very  low  field  level,  comparable 
to  the  field  induced  by  the  beam  pulse  traversing  the 
cavity  so  as  to  maintain  an  acceptable  response 
characteristic  for  this  high-Q  device.  Due  to  this,  the  RF 
field  in  an  SCR  is  always  a  superposition  of  a  “pure”  (or 
reference)  RF  and  the  beam-induced  signal.  A  new 
method  of  circular  phase  rotation  (CPR),  allowing 
extraction  of  the  beam  phase  information  from  the 
composite  RF  field  was  developed.  Arrival  time  phase 
determination  with  CPR  is  better  than  one  degree  for  a 
beam  current  of  100  nA.  The  electronics  design  is 
described  and  example  data  are  presented. 

INTRODUCTION 

Superconducting  linear  accelerators  have  become  widely 
popular  for  the  acceleration  of  all  types  of  charged 
particles  [1,2]  due  to  their  high  accelerating  gradients  and 
low  operating  costs.  The  design  of  these  linacs  relies  on 
the  use  of  short  independently  phased  cavities  with 
transverse  focusing  elements  interspersed  among  the 
resonators.  For  optimum  beam  optics,  close  spacing  of  the 
active  elements  is  needed  with  minimum  drift  distances. 
This  requirement  is  especially  true  in  the  low-velocity 
(|3<01)  accelerator  region  for  heavy-ions  with  low 
charge-to-mass  ratio  (q/m),  and  so  the  pressure  to 
minimize  the  space  needed  for  diagnostics  is  intense.  In 
existing  heavy-ion  linacs  such  as  ATLAS,  no  space  has 
been  allocated  for  diagnostics  over  ten  meter  distances. 
At  velocities  under  0.05c,  beam  steering  and  focusing 
problems  make  longitudinal  diagnostics  cumbersome  and 
can  induce  distortions  in  the  data  unrelated  to  the  actual 
beam  conditions  in  the  early  resonators.  This  problem  will 
be  even  more  acute  in  SC  linacs  planned  for  future  large 
facilities  such  as  the  Rare  Isotope  Accelerator  (RIA)  [3], 
In  this  paper,  we  demonstrate  for  the  first  time  the  use  of  a 
superconducting  resonator,  installed  for  beam 
acceleration,  to  detect  the  arrival  time  of  a  beam  bunch  at 
the  detecting  resonator.  This  is  accomplished  when  the 
resonator  is  operating,  not  as  an  accelerating  cavity,  but 
rather  running  with  a  very  low  field,  comparable  to  the 
field  induced  by  the  beam  pulse  traversing  the  cavity.  In 
this  mode  the  information  obtained  from  the  detecting 
resonator  can  be  used  to  accurately  determine  the  beam- 
RF  phase  relationship  in  an  upstream  resonator  and 
thereby  correctly  set  that  resonator  for  the  proper 
accelerating  mode. 


SCR  FEATURES  AND  BEAM  PHASE 
MEASUREMENTS 

Very  narrow  frequency  bandwidth  and  microphonic 
effect  do  not  allow  direct  use  of  the  induced  RF  signal  in 
the  SCR  for  beam  phase  detection.  Similar  to  the  normal 
SCR  application  for  particle  acceleration,  beam  phase 
detection  requires  stabilization  of  the  SCR  resonant 
frequency,  which  is  typically  accomplished  by  means  of 
RF  feedback  loops.  Another  way  of  minimizing 
microphonics  is  to  decrease  the  Q  value  of  the  SCR.  This 
can  be  done,  for  example,  by  overcoupling  an  SCR  drive 
port.  For  the  SCR  application  as  a  beam  phase  detector, 
this  method  cannot  be  recommended,  however,  due  to  the 
lower  sensitivity.  To  achieve  normal  operation  of  the 
feedback  loops,  some  initial  level  of  RF  field  inside  the 
resonator  is  required.  The  level  of  the  RF  field  has  to  be 
as  low  as  possible.  Otherwise  the  energy  of  the  incoming 
beam  can  be  changed  due  to  the  interaction  between  the 
beam  and  cavity’s  RF  field.  Therefore,  unlike  “normal” 
beam  phase  detectors,  the  RF  field  in  an  SCR  is  always  a 
superposition  of  a  “pure”  (or  reference)  RF  and  the  beam- 
induced  signal: 

4  (0exp(/<k  (/))  =  Aj  exp  (i^  (0) + A„  exp(/^  ) , 
with  amplitude  Az{t)  =  A^Jl  +  p2  +2pcos(^  _^) 

and  phase  0z(t)  =  arctan +jPS*D^*  >  where 

cos^  +  pcos^ 

4’  are  the  magnitude  and  phase  of  the  reference  RF 

field,  Ab ,  fa  are  similar  parameters  for  the  beam- 
induced  signal,  p  =  AbjAtf  is  the  relative  beam-induced 
signal  magnitude.  For  small  p ,  the  amplitude  of  the 
resultant  field  can  be  written  as 

4(0  «  441  +  />cos(<^  -^)) . 

As  follows  from  these  equations,  neither  amplitude  nor 
phase  of  the  resonator  RF  field  can  give  unambiguous 
information  about  beam  phase,  because  both  amplitude 
and  phase  of  the  resultant  RF  field  are  functions  of  the 
reference  RF  field  amplitude  and  phase  (j)rf . 

Nevertheless,  there  is  a  simple  way  to  extract  beam  phase 
information  from  the  resultant  RF  field.  Suppose,  we 
apply  a  linear  circular  phase  modulation  to  the  reference 
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RF  field:  <z^(7)  -  cort  -  2 nFrt ,  which  can  be  described 
as  a  continuous  circular  rotation  of  the  RF  vector  with 
modulation  frequency  Fr .  Then,  the  magnitude  of  the 
resultant  RF  field  will  be  amplitude  modulated  with  the 
same  frequency  Fr ,  and,  relative  to  the  reference  signal 
cos  ct)rt ,  will  be  shifted  in  phase  by  an  angle  exactly 
equal  to  die  beam  phase  (f>h  . 

Thus,  by  applying  a  linear  circular  phase  rotation  to  the 
reference  RF  field,  and  measuring  the  phase  shift  between 
the  resonator’s  resultant  signal  magnitude  and  modulation 
signal,  one  can  measure  the  beam-induced  signal  phase. 

ATLAS  BEAM  PHASE  DETECTION 
SETUP 

All  beam  phase-detection  tests  were  made  at  the  first  PH 
cryostat,  which  has  six  superconducting  quarter-wave 
resonators  with  central  frequency  48.5  MHz.  Their 
position  numbers  are  Rill,  R112...R116.  Figure  1  shows 
a  simplified  RF  diagram  of  an  ATLAS  superconducting 
resonator  in  normal  accelerating  mode.  The  resonator 
operates  in  a  self-excited  mode,  with  locked  amplitude 
and  phase  feedback  loops.  Phase  locking  is  accomplished 
by  means  of  a  voltage-controlled  reactance  VCX  [4]. 


Figure  1.  Simplified  RF  diagram  of  ATLAS  super 
conducting  resonator  in  normal  accelerating  mode 

The  complete  experimental  setup  for  using  a  SCR  as  a 
beam  phase  detector  is  shown  in  Figure  2.  For  low  field 
operation,  an  additional  40  dB  gain  preamplifier  and  a  20 
dB  attenuator  were  installed  in  resonator  pick-up  line  and 
power  amplifier  input  line.  The  preamplifier  and 
attenuator  allow  normal  operation  of  the  RF  control 
module  and  RF  power  amplifier,  while  the  resonator  field 
is  only  1%  of  the  normal  accelerating  mode.  This 
background  field  can  cause  acceleration  of  the  beam  in 
the  detecting  resonator  and  affect  the  effective  arrival  time 
in  the  resonator  slightly.  For  the  worst  case  situation, 
where  the  velocity  is  still  very  low  (p~0.015c)  and  the 


prior  total  voltage  is  low,  the  observed  phase  can  be 
perturbed  by  as  much  as  2°.  For  all  other  cases,  this 
perturbation  is  less  than  0.5°. 


Figure  2.  Complete  experimental  setup  for  using  SCR  as 
beam  phase  detector. 

An  external  linear  phase  shifter  with  360°  range  in  the 
master  oscillator  (clock)  line,  controlled  by  a  saw-tooth 
shape  signal,  provides  continuous  circular  rotation  of  the 
reference  RF  field  vector  in  the  resonator,  with  a  6-7  Hz 
rate.  Because  of  the  interaction  between  the  rotating 
reference  RF  field  vector  and  the  beam-induced  RF  vector 
inside  the  resonator,  an  amplitude  error  signal  in  the 
amplitude  feedback  loop  was  also  modulated.  It  was 
found  that  the  amplitude  error  signal  is  very  convenient  to 
use  as  the  beam  phase  signal,  because  it  reflects  any 
changes  in  the  resonator’s  RF  field  magnitude,  and  can  be 
amplified  to  any  desired  level. 

A  synchronous  detection  method  was  chosen  for 
extracting  the  beam  phase  information,  because  it 
provides  high  accuracy  phase  measurements  in  a  noisy 
environment,  which  is  typically  the  case  for  SCR,  due  to 
the  high  level  of  microphonics.  A  Stanford  Research  Lab 
SR-830  two-channel  lock-in  amplifier  was  used  as  the 
synchronous  detector,  and  a  Tektronix  digital  TDK3034B 
scope  was  chosen  for  waveform  display.  Overall  accuracy 
of  the  beam  phase  measurements  in  the  real  ATLAS 
accelerator  noise  environment  is  estimated  to  be  better 
than  half  a  degree. 

EXPERIMENTAL  RESULTS 

The  most  difficult  region  of  the  ATLAS  linac  to  tune 
with  our  present  surface  barrier  detector  diagnostics  is  the 
lowest  energy  section  of  the  Positive  Ion  Injector  (PE) 
linac.  This  is  due  to  steering  effects  from  misalignments 
as  well  as  asymmetric  fields  inherent  in  the  resonators  and 
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the  relatively  long  distance  (-10m)  to  the  diagnostics 
region  at  the  end  of  PIL  Therefore,  we  chose  to  focus  on 
this  very  low-velocity  region  of  the  linac  to  develop  and 
test  this  new  system. 

First  beam  phase  measurements  were  made  using  a  2°Ne8+ 
beam  in  March  2002.  Electrical  beam  current  was  about 
IpA.  Beam  was  delivered  from  the  ATLAS  ECR  injector 
with  a  velocity  of  0.0085c,  and  bunched  to  approximately 
0.25  ns  FWHM  by  a  two-stage  bunching  system  [5].  The 
idea  was  to  operate  a  nearby  downstream  SCR  as  the 
beam  phase  monitor,  as  described  before,  and  observe  the 
induced  signal  phase  as  a  function  of  the  RF  phase  of  an 
upstream  resonator.  Figure  3  shows  experimental  data  for 
the  cases  where  resonators  R112,  R113  and  R114  were 
alternately  used  as  the  beam  phase  monitor,  and  the  first 
resonator,  Rill,  was  turned  on  with  RF  field  at 
approximately  3  MV/m.  The  fact  that  for  all  three 
locations  of  the  beam  phase  monitor,  the  measured  phase 
curves  have  a  similar  shape,  and  their  minimum 
corresponds  to  the  same  value  of  R1 1 1  phase  of  300°,  is  a 
confirmation  that  the  measured  data  were  real  beam  phase 
data.  Another  important  conclusion  from  the  beam  phase 
data  in  Figure  3  is  that  the  value  of  R1 1 1  RF  phase  300° 
corresponds  to  the  point  of  maximum  energy  gain  where 
the  beam  and  resonator  RF  relative  phase  is  0  degrees. 


Phase  of  the  Beam  Induced  Signal  as  Function  of  R111  Phase 


R111  Phase,  deg 

Figure  3.  Beam  induced  signal  phase  as  function  of  R1 1 1 
RF  phase.  Beam  phase  monitor  was  placed  at  three 
different  locations,  R1 12,  R1 13  and  R1 14. 

A  semi-manual  version  of  this  system  was  then  used  to 
‘tune’  the  first  five  resonators  in  the  PH  linac  by 
sequentially  moving  the  electronics  from  one  resonator  to 
another  in  order  to  approximately  maintain  the  velocity 
match  condition  and  maintain  a  well  bunched  beam  into 
the  detecting  resonator.  A  wide  range  of  tunes  was 
developed  to  match  beams  with  charge-to-mass  ratio 
(q/A)  from  0.15  to  0.375.  In  each  instance  the  actual 
energy  gain  was  determined  using  a  solid-state  detector  to 
measure  the  absolute  energy  gain  from  each  resonator.  In 
principle,  the  total  phase  shift  observed  at  the  detecting 
resonator  between  the  last  accelerating  resonator  in  ‘on’ 
and  ‘off  states  is  the  beam  transit  time  change  due  to  the 


energy  gain  given  to  the  beam  by  that  resonator.  The 
energy  gain  of  the  beam  is  calculable  within  that  model 
and  the  total  beam  energy  at  that  point  can  be  determined. 
The  measured  total  phase  shift  and  the  calculated  energy 
of  the  beam  after  acceleration  are  presented  in  Table  I  for 
an  ^Ar6*  beam.  Table  I  shows  data  identified  by  the  last 
accelerating  resonator  and  the  detecting  resonator.  The 
energy  of  the  40Ar  beam  into  the  first  of  this  set  of 
resonators  is  5.5  MeV. 

If  two  resonators  are  used  in  detection  mode,  then  the 
difference  in  phase  contains  time-of-flight  information, 
which  can  be  used  to  obtain  the  absolute  energy  directly! 
A  calibration  procedure  would  first  need  development  in 
order  to  determine  the  electronic  phase  offset  between  the 
two  detecting  resonators. 


Table  1.  Comparison  of  Phase-Shift  Energy 
Determination  and  Solid  State  Detector  Measured  Energy. 


Resonator 

Pair 

(Accel./Det) 

Distance 

(m) 

Total 

Phase 

Shift 

(deg)/(ns) 

Energy 

Out 

(MeV) 

SBD 

measured 

energy 

(MeV) 

R113/R114 

.540 

221/12.7 

7.2 

7.7 

R114/RU6 

.991 

616/35.3 

12.6 

12.7 

R115/R116 

.406 

104/6.0 

16.2 

16.5 

CONCLUSION 

The  system  described  in  this  paper  is  now  in  regular  use 
at  the  ATLAS  facility  for  tuning  the  resonators  in  the 
lowest  energy  section  of  the  facility.  The  system  is  a 
significant  improvement  over  the  previous  diagnostics 
system  located  8  meters  downstream  from  these  early 
resonators.  Full  integration  of  the  method  into  the 
ATLAS  control  system  is  now  underway.  Improved  phase 
sensitivity  at  higher  energy  may  be  possible  where  the 
technique  can  be  used  at  the  zero-crossing,  90°,  point 
where  the  maximum  possible  phase  sensitivity  exists.  At 
the  low  velocities  studied  in  this  report,  the  debunching  in 
that  phase  region  makes  the  detecting  resonator 
insensitive  to  the  beam  bunches. 

This  work  was  supported  by  the  U.S.  Department  of 
Energy  under  contract  W-3 1-1 09-ENG-38. 
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Abstract 

The  402.5-  and  805-MHz  beam  position  and  phase 
monitors  for  the  Spallation  Neutron  Source  linac  are 
based  on  standard  PC  technology.  The  SNS  beam  is  to  be 
injected  into  a  storage  ring  with  a  1-MHz  circulation 
frequency  requiring  650-ns-long  minipulses.  The  injection 
cycle  takes  1  ms  and  the  machine  can  run  at  rates  up  to  a 
60  Hz.  The  rf  input  signals  are  down  converted  to  50  MHz 
and  sampled  at  40  MHz  with  14-bit  ADCs  to  produce  I 
and  Q  data  streams.  A  custom  PCI  module  has  been 
designed  to  accept  modular  digital  front  end  (DFE)  and 
analog  front  end  (AFE)  circuit  cards.  This  hardware  is 
installed  in  a  standard  rack-mounted  1U  computer  chassis 
running  Windows®  2000,  Lab  VIEW®  and  custom  DLL 
software.  The  system  continuously  self-calibrates  by 
generating  300-ns  long  rf  pulses  which  are  switched 
between  the  AFE  inputs  and  the  cables  going  to  the  BPM 
pickups.  This  provides  a  TDR-like  calibration  of  the  entire 


solution.  Another  design  choice  was  to  make  the  hardware 
platform  modular  to  simplify  the  design  and  testing  as 
well  as  to  provide  a  more  general  purpose  instrumentation 
platform  for  other  diagnostics  such  as  beam  current 
monitors. 

We  chose  to  build  a  PCI  carrier  card  which  accepts 
several  plug-on  modules  including  an  AFE,  DFE  and 
clock  multiplier.  All  analog  connections  are  made 
through  the  AFE,  via  patch  cables  to  the  back  panel  of  a 
generic  1U  server  PC.  The  timing  and  trigger  signals 
attach  to  the  standard  front  panel  of  the  PCI  card. 

The  instrument  is  a  stand-alone  device,  providing  the 
capability  to  serve  beam  position  and  beam  phase 
measurements  over  Ethernet  without  any  external  controls 
requirements.  In  our  case  data  is  served  via  channel 
access  for  compatibility  with  the  SNS  EPICS-based 
control  system.  For  the  general  case  the  data  can  be 
served  to  any  web  browser  via  the  standard  Lab  VIEW® 


system.  The  system  is  designed  to  provide  a  position  and 
phase  resolution  of  0.1%  of  the  beam  pipe  aperture  and 
0.1  degrees  RMS  respectively  over  a  50  ps  period.  The 
design  of  the  system  is  described  as  well  as  the  initial 
performance  measuring  beam  during  the  commissioning 
of  the  SNS  MEBT. 

INTRODUCTION 

One  of  the  primary  design  principals  of  the  SNS  linac 
BPM  system  was  to  take  advantage  of  mainstream 


tools.  This  mode  is  particularly  useful  for  system  testing. 

ELECTRONICS 

The  BPM  system  operates  by  down  converting  the  four 
individual  BPM  lobe  signals  which  are  either  402.5  MHz 
or  805  MHz  to  an  IF  of  50  MHz.  These  IF  signals  are 
sampled  at  40  MHz  to  generate  the  quadrature 
information  that  is  processed  to  measure  position  and 
phase.  The  PCI  card  that  accomplishes  the  more 
interesting  parts  of  this  process  is  shown  in  Figure  1 . 


Figure  1.  The  BPM  system  PCI  card  showing  the  clock  multiplier  (top  left),  DFE  (center)  and  AFE  (right), 
industry  standard  components  and  software.  Using 
standard  PCs  running  a  Windows®  operating  system  and  Analog  Front  End 

Lab  VIEW®  instrument  software  was  the  obvious  The  AFEs  used  by  SNS  were  designed  and  built  by 

Bergoz  Instrumentation  [1]  to  our  specifications.  This 
*  Work  supported  by  the  Office  of  Basic  Energy  Science,  Office  of  module,  shown  on  the  right  end  of  the  PCI  card  in  Fig.  1 , 

Science  of  the  US  Dept,  of  Energy,  and  by  Oak  Ridge  National  Lab.  contains  four  channels  of  down  conversion,  a  local 

fjpower@lanl.gov  oscillator  distribution  chain,  and  a  calibration  system. 
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The  calibration  is  made  possible  by  fast-switching 
networks  on  the  inputs  to  each  down  converter  channel.  A 
calibration  signal,  at  the  same  frequency  as  the  beam 
signals,  can  be  switched  to  either  the  input  to  the  down 
converter,  or  to  the  cable  connected  to  the  AFE  input.  The 
third  switched  condition  is  the  normal  operation  one  in 
which  the  AFE  inputs  are  connected  directly  to  the  down 
converter  inputs. 

The  technique  is  basically  the  same  as  a  time  domain 
reflectometer  (TDR),  except  we  use  a  rf  burst  instead  of  a 
step  function.  This  is  made  possible  by  using  rather  long 
cables  between  the  AFE  and  the  BPM  pickups,  and  by 
using  pickups  that  have  the  downstream  end  of  each  lobe 
shorted. 


Connector  u.is..  AFE  Inpat 


m 


Step  3 


— -«=K> 

i 


Figure  2.  The  calibration  uses  an  rf  burst  to  calibrate  the 
down  converter  chain  in  step  1,  launch  a  calibration  burst 
down  the  BPM  Heliax  cable  in  step  2  and  measure  the 
reflected  burst  in  step  3. 

The  first  step  in  the  process  is  to  inject  a  rf  burst  into  the 
input  of  a  down  converter  channel  and  measure  the 
amplitude  and  phase  of  the  result.  Next  is  to  launch  a 
burst  of  the  same  amplitude  into  the  cable  connected  to 
the  AFE  input.  This  cable  has  a  round-trip  transit  time  of 
300  ns,  which  determines  the  maximum  length  of  the 
calibration  burst.  This  burst  reflects  off  of  the  shorted  end 
of  the  pick-up  and  returns  to  the  down  converter  input, 
which  is  switched  in  at  the  time  of  arrival  of  the  reflected 
pulse.  Having  measured  the  amplitude  and  phase  of  the 
reflected  pulse,  one  has  enough  information  to  calibrate 
the  system  in  amplitude  and  phase  through  the  entire 
signal  path. 

The  AFE  calibrator  circuit  is  carefully  adjusted  to  give 
the  same  amplitude  and  phase  of  calibration  bursts  to  each 
channel  by  tweaking  a  resistive  splitter  on  the  AFE  circuit 
board. 

Digital  Front  End 

The  DFE  has  four  channels  of  14-bit  ADCs  clocked  at 
40  MSPS  (see  Fig.  1).  Filters  before  the  ADCs  limit  the 
analog  bandwidth  to  about  ±10  MHz.  Two  FPGAs  each 
process  the  data  from  two  ADCs  to  de-convolve  the 
multiplexed  quadrature  steam  created  by  under-sampling 
the  input  at  1.25  times  the  input  period,  creating 


individual  arrays  of  in-phase  and  quadrature-phase  (I  &Q) 
data.  A  total  of  8  arrays  are  thus  created  for  the  four  input 
channels. 

These  same  FPGAs  serve  as  multiplexers  such  that  raw 
data  and  from  the  ADCs,  or  preset  ramp  data  may  be 
passed  through  for  testing  and  de-bugging,  instead  of  the  I 
and  Q  streams. 

A  third  FPGA  is  used  to  generated  the  timing  signals 
which  drive  the  switches  on  the  front  of  the  AFE  for 
calibration  purposes,  as  well  as  control  the  analog  gain  of 
the  AFE,  either  IX  or  4X. 

PCI  Motherboard 

The  PCI  motherboard  card  is  the  backbone  of  our 
custom  hardware.  The  AFE  plugs  into  the  DFE,  and  the 
DFE  plugs  onto  the  PCI  card.  The  PCI  card  has  eight  256- 
kB  FIFOs,  one  for  each  array  of  data  from  the  DFE.  This 
provides  for  up  to  3.2  ms  of  data  history  to  be  stored  for 
each  channel. 

One  large  gate  array  provides  the  PCI  interface,  DMA 
data  transfer  for  the  FIFOs  to  the  PCs  memory,  timing 
controls,  and  a  custom  12-bit  “L-bus”  for  control  of  the 
DFE. 

Three  separate  power  supplies/regulators  reside  on  the 
PCI  card  for  providing  low-noise  power  to  the  peripheral 
modules. 

A  third  clock-multiplier  module  also  plugs  onto  the  top- 
left  comer  of  the  card  to  generate  the  differential  ADC 
clocks.  This  module  multiplies  the  external  phase 
reference  of  2.5  MHz  up  to  the  required  40  MHz  sampling 
rate.  The  PLL  is  serially-programmed  to  accommodate 
future  reference  frequencies  such  as  10  MHz.  The  circuit 
design  is  based  on  a  LBNL  design  done  by  L. 
Doolittle[2]  for  their  SNS  LLRF  control  systems. 

Instrument  Packaging 

The  PCI  motherboard  and  its  associated  daughter  cards 
are  installed  in  a  1U  rack-mounted  computer  chassis  (see 
Fig.  3).  A  bracket  containing  SMA  feed-through 
connectors  for  the  four  pick-up  lobe  inputs,  LO  drive  and 
calibration  drive  is  attached  to  the  back  of  the  chassis. 


Figure  3.  The  SNS  linac  BPM  system  in  a  1U,  rack¬ 
mounted  PC  configuration. 
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The  phase  reference  and  trigger  signals  attach  via 
LEMO®  connectors  of  the  PCI  card  panel. 

Additional  versions  of  the  BPM  instrument  have  been 
assembled  using  a  2U  rack-mount  chassis,  which  can 
accept  an  additional  PCI  timing  receiver  card.  This  is 
required  for  the  final  SNS  facility  implementation  which 
uses  a  complex  timing  system  using  both  VME  and  PCI 
hardware. 

PERFORMANCE 

Nine  BPM  systems  are  currently  installed  and 
operational  at  the  SNS  facility.  Six  of  the  units  are 
prototypes  which  were  used  to  commission  the  accelerator 
front  end  both  at  LBNL  over  a  year  ago  and  again  at 
ORNL  this  year.  Three  systems  are  improved,  second 
generation  hardware,  which  will  be  used  for 
commissioning  the  first  DTL  tank  shortly. 

Performance  as  Installed 

For  the  SNS  linac  commissioning,  we  define  the 
measurement  resolutions  based  on  minimum  beam  pulses 
of  50  ps,  meaning  we  average  all  data  for  this  duration. 
With  this  in  mind,  we  ran  the  new  BPM  systems  as 
installed,  taking  data  for  the  equivalent  of  1000  beam 
pulses  over  about  two  minutes.  This  data  was  analyzed  to 
determine  the  phase  resolution  of  the  measurement. 

As  installed,  the  newer  systems  provide  a  position 
measurement  resolution  of  better  than  0.1%  of  the  beam 
pipe  radius,  and  a  phase  resolution  of  about  0.6  degrees 
rms.  Figure  3  shows  the  phase  data  accumulated  in  a 
typical  run,  from  which  the  RMS  measurement  resolution 
is  calculated. 


Fig.  3.  Data  from  the  equivalent  of  1000  beam  pulses  of 
50-ps  duration.  The  phase  resolution  is  calculated  as  0.6 
degrees. 

Frequency-domain  analysis  of  the  amplitude 
measurement  data  for  a  single  lobe-channel  gives  a  SFDR 
of  over  70  dB  as  measured  on  the  bench  (see  Fig.  4). 


Figure  4.  Results  of  a  FFT  on  4000  consecutive  samples 
of  the  amplitude  measurement  for  a  single  BPM  lobe 
channel.  The  vertical  axis  is  in  db,  with  76  being  full  scale 
for  the  ADCs.  The  horizontal  axis  is  frequency  in  Hz. 
The  usable  dynamic  range  is  about  65  dB. 

Issues  Needing  Further  Study 

The  position-measurement-resolution  of  the  newer 
systems  meets  our  requirement,  but  the  phase- 
measurement  resolution  is  not  as  good  as  we  would  like. 
We  currently  have  a  factor  of  about  six  higher  than  our 
goal.  There  are  technical  means  of  improvement  that  are 
being  pursued 

The  phase  resolution  is  primarily  a  measure  of  the  ADC 
sampling  clock  jitter  relative  to  the  various  rf  sources  in 
the  system.  These  include  the  calibration  source,  LO 
source  and  system  reference.  Our  0.6-degree  resolution  is 
equivalent  to  4.2  ns  of  clock  jitter  over  a  bandwidth  of  a 
few  milli-Hertz  to  40  MHz.  The  high  frequency  jitter 
(over  10  kHz)  of  our  clock  multiplier  VCXO  is  specified 
as  1  ns,  and  substantially  lower  frequencies  are  within  the 
PLL  loop  bandwidth  and  should  be  removed.  Further 
study  of  the  jitter  of  all  of  our  sources  is  an  on-going 
endeavor. 

One  expected  improvement  will  be  to  increase  the 
reference  frequency  from  2.5  MHz  to  10  MHz.  We 
currently  use  the  2.5  MHz  as  a  hold-over  from  earlier 
requirements. 

CONCLUSION 

We  have  developed  stand-alone  beam  position  and 
phase  measurement  instruments  based  on  standard  PC 
hardware  and  software,  with  custom-designed  PCI  cards. 
The  instruments  are  capable  of  being  communicated  with 
over  Ethernet  via  either  EPICS  channel  access  or  standard 
Web  browser  interfaces.  We  have  achieved  a  position 
resolutions  of  better  than  0.1%  of  the  pipe  radius  and 
phase  resolutions  of  0.6  degrees.  Further  improvement  of 
the  phase  measurement  resolution  is  being  studied. 
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SLIT  SCATTERING  EFFECTS  IN  A  WELL  ALIGNED  PEPPER  POT 

John  G.  Power,  ANL,  Argonne,  IL,  60439 


Abstract:  A  pepper  pot  is  a  device  used  to  measure  a 
medium  energy  (<  20  MeV)  electron  beam’s  transverse 
emittance  by  sampling  its  transverse  phase  space.  This  is 
accomplished  by  blocking  most  of  the  incident  electron 
beam,  while  allowing  small  ‘beamlets’  to  pass  through 
openings  in  a  mask.  The  accuracy  of  the  transverse 
emittance  measured  by  a  pepper  pot  is  limited  by  several 
factors  including,  electrons  leaking  through  the  solid 
region  of  the  mask,  the  imaging  system  resolution  and 
dynamic  range,  scattering,  etc.  While  the  noise 
contributions  from  the  prior  quantities  can  be  easily 
estimated,  scattering  effects  have  previously  been 
neglected  due  to  the  difficulty  in  estimating  the  effect.  In 
this  paper,  EGS4  simulations  are  presented  to  determine 
the  affect  of  scattering  on  emittance  measurements  for  an 
8  MeV  electron  beam. 

INTRODUCTION 

In  general,  it  is  difficult  to  measure  the  transverse  beam 
emittance  directly  out  of  an  RF  photocathode  gun 
because  the  emittance  is  small,  the  charge  is  high,  and  the 
energy  is  low,  so  that  the  beam  is  space  charge 
dominated.  For  this  reason,  the  emittance  is  usually 
measured  after  the  RF  photoinjector  -  defined  here  to  be 
an  RF  photocathode  gun  and  at  least  one  linac  tank  -  so 
that  the  energy  of  the  electron  beam  is  higher,  typically 
greater  then  20  MeV.  At  higher  energy,  and  hence  lower 
space  charge,  there  are  several  reliable  methods  for 
measuring  the  emittance:  (1)  The  Quad  Scan;  (2)  The 
Three  Screen  Method;  and  (3)  OTR-based  measurements. 
However,  these  three  methods  cannot  easily  be  applied 
for  the  case  considered  here. 

In  the  traditional  quad-scan  method,  the  space  charge 
force  is  neglected  and  an  exact  analytic  expression  is 
used  to  track  the  beam  envelope  evolution.  However,  if 
the  beam  is  space  charge  dominated  this  method  fails 
since  the  beam  envelope  evolves  under  the  influence  of 
both  emittance  and  space  charge  [2,  3].  While  the 
traditional  method  has  been  modified  to  include  space 
charge  [2, 4],  this  method  is  still  not  ideal  since  it  is  not  a 
single-shot  measurement  -  something  that  is  important 
for  photoelectron  beams  due  to  the  shot-to-shot 
fluctuation  of  the  laser.  And  while  the  three  screen 
method  is  limited  by  the  same  space  charge 
considerations  as  the  traditional  quad  scan,  OTR-based 
techniques  do  not  suffer  from  space  charge  limitations. 
However,  since  the  angular  distribution  of  the  OTR  light 
at  the  beam  waist  depends  on  both  the  divergence  and  the 
angle  energy  correlation  induced  by  the  quad  focusing  of 
the  photoelectron  beam.  Therefore,  this  technique  can  be 
limited  by  a  large  energy  spread  (1%)  of  the 
photoinjector.  Recently,  a  promising  model  has  been 
developed  [5]  using  a  technique  related  to  OTR,  based  on 


optical  diffraction  radiation  (ODR-OTR  interference)  that 
may  overcome  even  this  last  limitation. 

The  pepper  pot  (and  emittance  slit)  based  method  does 
not  suffer  from  the  above  limitations.  However,  concerns 
have  been  raised  that  the  electron  beam  may  undergo  slit 
scattering  as  it  passes  through  the  pepper  pot.  The  slit 
scattering  process  and  the  degree  to  which  it  affects  the 
measured  emittance  is  described  in  the  remainder  of  the 
paper. 

SLIT  SCATTERING 

The  function  of  the  pepper  pot  collimator  is  to  stop  or 
scatter  away  the  fraction  of  the  incident  electron  beam 
that  is  intercepted  by  the  plate  while  letting  the  non- 
intercepted  fraction  of  the  incident  beam  pass  through  the 
hole,  (l.h.s.  of  Fig.  1).  In  the  case  of  an  ideal  pepper  pot 
with  one  round  hole,  the  non-intercepted  beam  signal 
(beamlet)  emerges  from  the  hole  as  a  cylinder  of  charge 
while  the  intercepted  beam  is  either  stopped.  In  the  real 
case,  however,  some  of  the  intercepted  beam  will  enter 
the  plate,  undergo  a  series  of  interactions,  and  then  re- 
emerge  from  it  as  a  source  of  noise  which  may  affect  the 
measured  profile  of  the  non-intercepted  signal  thus 
limiting  the  accuracy  of  the  emittance  measurement.  In 
this  paper  we  will  examine  how  this  noise  affects  the 
measurement  of  the  signal.  To  keep  matters  simple,  a 
pepper  pot  with  a  single  hole  is  studied. 


Figure  1 :  The  incident  beam  strikes  a  collimator  with  one 
hole.  The  non-intercepted  beam  is  the  signal  (beamlet) 
and  some  of  the  intercepted  beam  produces  noise  (Types 
1  -4)  in  the  measurement. 

For  clarity,  we  divide  the  noise  into  four  components 
as  shown  on  the  r.h.s.  of  Figure  1.  The  first  component  of 
the  noise  (Type  1)  is  the  intercepted  beam  that  enters  the 
front  face  and  exits  the  back  face  of  the  collimator  and  is 
termed  the  leakage  component.  The  distribution  of  the 
leakage  component  can  be  readily  estimated  from  the 
well  known  atomic  and  nuclear  properties  of  the 
collimator  material.  The  angular  and  spatial  distributions 
of  the  leakage  component  can  be  obtained  from  the 
standard  multiple  Coulomb  scattering  formula  [6]  while 
the  fraction  of  the  intercepted  beam  that  is  stopped  in  the 
material  can  be  estimated  with  the  stopping  distance  from 
the  minimum  ionizing  energy,  typically  1  -  2  MeV  cm'2g. 
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The  other  three  noise  components,  taken  together, 
make  up  the  slit  scattered  component.  Types  2  and  3 
particles  start  out  inside  the  hole  but  end  up  striking  the 
plate  due  to  their  initial  trajectories,  while  Type  4 
particles  initially  strike  the  front  face  of  the  collimator 
but  are  scattered  back  into  the  hole.  Unlike  for  the 
leakage  component,  there  are  no  simple  formulas  to 
guide  one  in  estimating  the  slit  scattered  contribution  to 
the  noise. 

SIMULATION 

The  method  used  to  simulate  the  problem  of  an 
electron  beam  incident  on  a  single  collimating  hole  was 
as  follows:  (1)  generate  an  incident  beam  at  the 
beginning  of  the  pepper  pot;  (2)  transport  the  incident 
beam  to  the  end  of  the  pepper  pot  with  an 
electromagnetic  shower  code;  (3)  transport  all  particles 
through  a  drift  to  the  location  of  the  screen;  and  (4) 
analyze  the  output  distribution.  A  user  written  routine, 
using  the  SDDS  Toolkit  [7],  was  used  to  generate  the 
monochromatic  incident  beam  of  zero  length  and  the 
toolkit’s  Gaussian  random  number  generator  was  used  to 
populate  the  angular  profiles.  The  interaction  of  the 
incident  electron  beam  with  the  collimator  was  modeled 
with  Shower  [7]  which  is  a  SDDS-compliant  interface 
program  to  the  Monte  Carlo  electron-photon  transport 
program  EGS4  [8].  The  propagation  of  the  beam  in  the 
drift  and  the  post-processing  analysis  were  done  with 
user  written  Matlab  files. 

Electron  Beam  and  Pepper  Pot  Parameters 

This  study  of  slit  scattering  was  motivated  by  need  to 
measure  the  emittance  of  the  new  1.5  cell  RF 
photocathode  gun  at  the  Argonne  Wakefield  Accelerator 
(AWA).  This  gun  was  recently  RF  conditioned  to  80 
MV/m,  on  the  cathode,  corresponding  to  12  MW  of  input 
power.  PARMELA  simulations  show  that  with  80  MV/m 
and  a  flat-flat  laser  pulse  profile  the  gun  will  produce  a 
photoelectron  beam  with  E  =  7.5  MeV,  Q  -  40  nC,  en  = 
66  mm  mrad,  oz  -  1.1  mm  (3.7  psec),  and  AE/E  =  2%. 
At  an  energy  of  7.5  MeV  we  have  y  =  15.6  so  that  the 
geometrical  emittance  s  ~  4.2  mm  mrad.  Initially, 
however,  the  AWA  laser  profile  will  be  either  Gaussian  - 
Gaussian  or  longitudinally  Gaussian  -  transversely  flat  so 
that  —  100  mm  mrad  is  a  better  estimate  which  means 
that  s  -  6.4  mm  mrad.  The  plan  is  to  measure  the 
emittance  about  50  cm  after  emittance  compensating 
solenoid  where  we  have  a  round  beam  near  a  waist  with 
<Jx  y  ~  5  mm  so  that  the  divergence  is  approximately 

(T*x  y  -1.5  mrad.  These  parameters  will  be  used  as  basis 

for  the  incident  beam  during  the  simulation. 

Based  on  the  above  assumptions  about  the 
photoelectron  beam,  a  pepper  pot  was  designed  for 
measuring  the  emittance.  Since  slit  scattering  can  be 
understood  by  just  considering  a  single  hole,  the  overall 
hole  pattern  will  not  be  describe  but,  instead,  discussion 
will  be  confined  to  just  a  plate  with  a  single  hole  [Fig.  2]. 


Figure  2:  The  single  hole  pepper  pot  collimator.  (Not  to 
scale.) 

The  parameters  used  for  the  pepper  pot  in  this  study  were 
a  square  plate  of  tungsten  (1  cm  x  1  cm  and  500  pm 
thick)  with  a  hole  of  radius  Rh  pm  in  the  center.  Using 
the  radiation  length,  X0  =  3.5  mm  a  and  density  p  =  19.3 
g  cm"3  of  tungsten,  we  calculate  the  multiple  coulomb 
scattering  of  the  7.5  MeV  beam  from  the  500  pm  thick 
plate  to  be  0mcs  =  635  mrad.  The  geometry  used  for  this 
pepper  pot  (Fig.  2)  defines  the  beginning  of  the  tungsten 
plate  to  be  at  z  =  0,  the  exit  of  the  tungsten  plate  at  z  = 
500  pm,  the  profile  monitor  at  z  =  L,  and  the  hole  radius 
of 

RESULTS 

Shower  was  used  to  simulate  an  initial  distribution  of 
electrons  incident  on  the  pepper  pot  described  above. 
This  initial  distribution  is  a  round,  uniformly  populated 
electron  beam  of  radius  Rb  =  500  pm,  with  a  Gaussian 

angular  distribution  of  O’ '  „  =  1.5  mrad. 

x»y 

As  an  example,  the  total  output  distribution  of  particles 
(electrons,  photon,  and  positrons)  located  at  the  back  face 
of  a  pepper  pot  with  Rb  ~  100  pm  is  shown  in  figure  3. 
Looking  at  the  profile  from  this  point  of  view,  it  is  not 
possible  to  pick  the  signal  (100  pm  spot)  out  of  the  noise 
(<500  pm  spot).  However,  by  plotting  the  intensity  of 
the  particle  distribution  along  a  slice  through  the  middle 
of  the  profile  (figure  3),  a  small  signal  can  be  observed. 
In  figure  4,  this  intensity  along  the  center  of  the  slice  is 
shown  at  four  different  locations  behind  the  pepper  pot 
(where  z  =  0  is  the  back  face  of  the  pepper  pot).  The  first 
feature  to  notice  is  that  there  is  small,  sharply  peaked 
signal  sitting  on  the  center  of  a  hill  of  noise.  At  the  exit 
of  the  plate  (z  =  0  in  figure  4)  the  noise  hill  is  rather 
concentrated  (CTn0ise  ~  500  pm)  but  quickly  spreads  out 
due  to  its  large  angular  divergence  so  that  by  the  time  it 
has  traveled  just  5  mm  away,  the  background  noise  is  just 
a  low  level,  wide  hill. 


Figure  3:  Image  of  the  electrons,  photons,  and  positrons 
that  emerge  at  the  back  of  the  tungsten  plate. 
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Figure  4:  The  evolution  of  the  distribution  of  particles 
after  having  passed  through  the  one-hole  pepper  pot  of 
Fig  2  as  a  function  of  distance  after  the  pepper  pot. 

Calculating  the  Divergence 

Since  the  main  purpose  of  these  simulations  was  to  see 
how  the  slit  scattered  particles  affected  the  measurement 
of  the  signal  particles  at  the  downstream  screen,  the  next 
step  was  to  analyze  the  downstream  spot  to  see  if  we  can 
extract  the  initial  divergence  of  the  input  beam.  The 
procedure  used  to  do  this  is  described  next. 

For  a  particular  hole  radius,  Rh,  the  output  distribution 
was  propagated  to  a  downstream  screen  a  distance  Lscreen 
~  50  cm  away.  Since  the  input  divergence  was  manually 
set  to  have  a  Gaussian  distribution,  the  spot  on  the 
downstream  screen  was  first  projected  along  the  x  axis 
(not  sliced)  and  fit  to  a  Gaussian.  From  this  projection, 
the  1 -sigma  beam  width  of  the  spot  was  extracted,  which, 
for  the  case  of  a  Gaussian,  is  also  equal  to  the  standard 
deviation  of  the  distribution.  The  width  of  the  spot  due  to 
the  divergence  of  the  beamlet  is  added  in  quadrature  with 
the  r.m.s.  width  of  the  pepper  pot  hole  to  give  the  width 
of  the  spot  at  the  screen.  From  this,  the  divergence  is 
calculated  according  to, 


where  dscreen  is  the  spot  size  at  the  screen.  (Note  that 

while  the  r.m.s.  width  of  a  ID  slit  is  Rh  /yfe ,  we  are 
using  the  r.m.s.  width  of  a  projected  hole.) 

As  a  typical  example,  the  intensity  distribution  of  the 
projected  beamlet  spot  for  the  case  of  Rh  =  50  pm  and 
Lscreen  =  50  cm  is  shown  in  figure  5.  From  the  fit  to  this 
spot  the  width  of  the  beam  at  the  screen  was  found  to  be 

^ screen  ~  738  pm.  Using  Eqn.  1,  the  divergence  was 

calculated  to  be  cr  =  1.51  mrad,  in  very  close  agreement 
with  the  divergence  of  the  initial  beam  distribution. 


Figure  5:  The  intensity  distribution  of  the  projected 
beamlet  at  the  screen  located  50  cm  downstream  of  the 
pepper  pot. 


Table  1 :  Calculated  divergence  from  the  fit  as  a  function 
of  the  aspect  ratio  of  the  hole  for  the  case  of  a  pepper 
thickness  of  W  =  500  pm. 


Rh 

(Mm) 

Aspect  Ratio  = 
Rh/W  (mrad) 

Divergence 
from  Fit 

10 

20 

1.49 

20 

^  40 

1.49 

50 

99.6 

1.51 

100 

197 

1.50 

200 

381 

1.51 

500 

785 

1.49 

To  determine  if  the  multiple  scattering  effects 
depended  on  the  aspect  ratio  of  the  hole,  a  variety  of 
cases  were  considered.  In  all  cases  considered,  the 
thickness  of  the  tungsten  plate  was  held  at  W  =  500  pm, 
while  the  hole  radius  was  allowed  to  vary  from  10  pm  to 
500  pm,  thus  varying  the  acceptance  angle  of  the  hole 
ranged  from  20  mrad  to  785  mrad.  As  shown  in  table  1, 
the  fitted  value  of  the  divergence  agrees  very  closely  to 
the  known  value  of  divergence  of  1.5  mrad  for  a  wide 
range  of  aspect  ratios.  The  small  disagreement  is  due  to 
the  statistics  from  the  limited  number  of  macro  particles 
used  in  the  Monte  Carlo  simulation. 

It  is  worth  emphasizing  that  the  simulation  results 
obtained  in  this  section,  and  shown  in  figure  3,  figure  4, 
and  table  1,  include  all  the  sources  of  flux  mentioned  in 
the  SLIT  SCATTERING  section  above,  i.e,  leakage  flux 
(type  1),  slit  scattered  flux  (type  2-4)  and  the  beamlet 
signal.  However,  from  these  simulation  result  only  two 
fluxes  are  apparent,  the  signal  and  leakage  particles.  It  is 
obvious  that  the  slit  scattering  effect  is  very  small  over 
the  range  of  parameters  examined. 

CONCLUSIONS 

EGS4  based  simulations  show  that  the  effect  of  slit¬ 
scattering  on  an  8  MeV  electron  beam  by  a  well  aligned 
pepper  pot,  with  various  hole  aspect  ratios,  is  negligible. 
Thus,  the  pepper  pot  is  a  highly  reliable  technique  for 
measuring  emittance  from  a  photoinjector.  In  the  future, 
the  study  will  be  carried  out  over  a  wider  range  of 
energies  and  for  misaligned  pepper  pots. 
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Abstract 

The  Advanced  Photon  Source  operates  in  top-up  mode, 
which  adds  charge  to  the  storage  ring  every  two  minutes 
to  maintain  the  current  at  102  ±  1.0  mA.  This  requires  the 
booster  synchrotron  to  operate  efficiently  and  reliably. 
The  booster  BPM  system  was  upgraded  to  overcome  a 
severe  performance  limitation  due  to  operation  of  the 
receiver  at  the  low  end  of  its  input  power  range.  The 
upgrade  provided  a  25 -dB  improvement  in  overall  system 
gain.  This  improved  dynamic  range  and  resolution,  and 
reduced  other  systematic  errors.  The  booster  BPMs  have 
been  used  in  studies  including  measurements  of  ring 
circumference,  synchrotron  and  betatron  tune,  and  orbit 
correction.  Software  feedback  corrections  of  the  energy 
and  rf  phase  errors  at  injection  have  been  implemented  for 
routine  operations  using  the  BPM  beam  history/DSP- 
based  synchrotron  tune  measurement.  Transverse 
injection  feedback  is  presently  being  commissioned.  The 
latest  experimental  results  using  the  upgraded  BPMs  will 
be  presented. 

INTRODUCTION 

The  APS  booster  BPM  system  is  used  to  provide 
horizontal  and  vertical  beam  position,  average  beam 
position,  and  position  history  information  over  a  user- 
selectable  number  of  turns.  This  information  can  be 
obtained  over  the  entire  225  ms  it  takes  the  beam  to 
linearly  ramp  from  0.325  to  7  GeV  at  the  2-Hz  booster 
cycle  rate.  Average  position  information  is  used  to 
correct  the  orbit  at  various  time  points  (energies)  up  the 
ramp.  Average  horizontal  orbit  position  as  a  function  of 
frequency  was  used  to  measure  the  orbit  circumference 
and  dispersion  [1].  Orbit  correction  was  used  extensively 
when  commissioning  new  low-emittance  booster  lattices 
[11- 

Beam  history  position  information  is  used  for  time  and 
frequency  domain  processing  to  determine  synchrotron 
and  betatron  tunes  at  any  point  up  the  ramp.  The 
synchrotron  tune  measurement  uses  DSP  techniques  to 
process  the  first  256  turns  after  injection  to  determine  the 
synchrotron  tune  for  each  pulse.  The  synchrotron  tune  is 
then  used  with  feedback  to  correct  the  longitudinal  phase- 
space  mismatch  (energy  and  phase  deviation)  that  can 
occur  due  to  rf  phase  errors  and/or  booster  magnetic  field 
errors.  The  same  DSP  techniques  are  presently  being 
studied  to  determine  betatron  tunes  as  a  ftinction  of  time 
up  the  ramp. 


♦Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 


BOOSTER  BPM  ELECTRONICS 
UPGRADE 

The  APS  booster  has  a  circumference  of  368  m 
employing  80  BPMs  installed  every  4.6  m  around  the 
ring.  The  storage  ring  and  booster  both  employ  identical 
BPM  electronics.  The  signal  processing  topology  is  a 
monopulse  amplitude-to-phase  (AM/PM)  technique  for 
measuring  the  beam  position  in  the  x  and  y  axes.  A 
logarithmic  amplifier  channel  measures  the  beam 
intensity  [2].  The  signal  level  into  the  receiver  with  1.0 
nC  of  charge  was  typically  -40  dBm  during  normal 
booster  operation.  This  input  power  level  is  considered 
the  low  end  of  the  receiver  dynamic  range  (+5  to  -45 
dBm)  and  performance  was  severely  limited.  The  booster 
has  an  operating  range  of  0.2  to  10  nC  or  34  dB. 

The  BPM  system  upgrade  block  diagram  shown  in 
Figure  1  reduced  the  insertion  loss  of  the  original  filter 
comparator  as  part  of  the  upgrade.  The  filter  comparator 
provides  the  sum  and  difference  signals  of  the  four  button 
electrodes  in  a  10-MHz  bandwidth  centered  at  352  MHz. 
The  original  filter  comparator  used  attenuators  on  the 
inputs  (6  dB)  and  between  the  hybrid  bridge  output  and 
the  bandpass  filters  (2  dB)  to  attenuate  standing  waves 
between  components.  This  technique  provided  a 
broadband  match  at  the  cost  of  signal  strength.  The 
bandpass  filter  implemented  in  this  design  had  an 
insertion  loss  of  3  dB. 


Figure  1 :  Upgrade  block  diagram  showing  schematically 
the  new  matching  networks  feeding  signal  to  the  filter 
comparator. 
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The  upgrade  design  eliminated  the  need  for  pads  by 
carefully  matching  the  components  and  button  pick-up 
source.  The  source  or  button  pick-up  electrodes  have  a 
very  poor  return  loss  when  measured  from  the 
feedthrough  side,  which  results  in  reflecting  97%  of  the 
power.  To  match  the  button’s  impedance  (0.25-75j  ohm) 
into  50  ohms,  an  inductor  is  placed  in  parallel  with  the 
capacitive  electrode.  This  effectively  creates  a  parallel 
resonate  circuit  driven  by  the  image  current  source.  This 
technique  of  resonating  the  capacitive  pickup  provides  a 
controllable  response  in  a  compact  electrode  design.  A 
similar  design  was  installed  in  the  APS  storage  ring  [3]. 
The  upgrade  also  moved  the  critical  filtering  into  the  new 
matching  network,  which  incorporates  the  5-pf  electrode 
capacitance  into  the  filter  design.  When  connected  to  the 
10-mm  button  electrode,  the  matching  network  was 
designed  to  passively  increase  the  signal  power  by  15  dB 
@  352  MHz  with  a  20-dB  return  loss.  The  matching 
network  has  a  bandwidth  of  10  MHz  @  -3  dB  power  point 
when  connected  to  the  capacitive  button  electrode.  The 
matching  network  also  provides  40  dB  of  filtering  at  the 
second  harmonic  (704  MHz).  The  modified  filter 
comparator  has  an  11-dB  reduction  of  insertion  loss  and 
the  signal  enhancement  realized  by  the  matching  network 
(15  dB)  equates  to  an  overall  system  improvement  of  26 
dB. 

BOOSTER  LONGITUDINAL 
SYNCHROTRON  MOTION 
MEASUREMENT  AND  CORRECTION 

The  booster  BPM  and  beam  history  [4]  are  used  to 
determine  the  synchrotron  frequency  and  correct  energy 
and  phase  (field)  errors  at  injection.  The  BPM  used  in 
this  application  is  located  in  a  region  of  dispersion.  This 
BPM  is  configured  to  provide  only  horizontal  position 
data  on  each  turn  for  256  turns.  Synchrotron  oscillations 
can  be  observed  on  the  beam  history  on  each  pulse 
depending  on  the  level  of  phase  and/or  energy  errors  at 
injection. 

The  beam  history  time-domain  data  are  processed 
(using  DSP  techniques)  to  filter  out  betatron  motion.  This 
filtering  is  accomplished  by  subtracting  a  shifted  copy  of 
the  beam  history  waveform  from  itself.  This  procedure 
minimizes  betatron  oscillations  on  the  processed 
waveform  since  the  synchrotron  oscillation  is  much 
slower  than  the  betatron  motion.  The  procedure  also 
zeros  the  net  waveform  offset. 

The  processed  time-domain  waveform  is  Fourier 
transformed.  The  resulting  real  and  imaginary  parts  are 
transformed  into  amplitude  and  phase.  A  peak  search  is 
done  over  a  specified  range  to  identify  the  synchrotron 
oscillation  peak.  The  frequency,  phase,  amplitude,  and 
real  and  imaginary  parts  at  the  peak  are  EPICS  process 
variables  that  are  used  for  feedback  and  to  characterize 
the  synchrotron  oscillation.  The  real  and  imaginary 
components  represent  cosine-  and  sine-like  synchrotron 
oscillations.  In  phase  space  an  energy  error  (or 
equivalently  a  magnetic  field  error)  at  injection 
corresponds  to  the  cosine-like  synchrotron  oscillation 


shown  in  Figure  2.  Similarly,  a  phase  error  corresponds 
to  a  sine-like  oscillation. 

The  real  and  imaginary  values  are  used  in  a  feedback 
loop  to  control  general  booster  injection  energy  and  phase 
errors.  The  actuators  that  control  phase  and  energy  errors 
in  the  booster  are  the  rf  phase  setpoint  and  the  timing  of 
the  dipole,  quadrupole,  and  sextupole  family  ramps.  The 
timing  of  the  magnet  family  ramps  controls  the  precise 
field  the  beam  sees  when  it  is  injected.  Standard  feedback 
is  performed  based  on  the  program  sddscontrollaw  [5], 
which  uses  an  inverse  response  matrix  with  rf  phase 
setpoint  and  magnet  family  ramp  timing  as  actuators  and 
the  real  and  imaginary  parts  of  the  synchrotron  oscillation 
as  readbacks.  The  feedback  is  run  continuously  during 
normal  booster  operation. 


Turns 


Figure  2:  Horizontal  BPM  beam  history  data  for  pure 
energy  and  phase  errors.  One  sees  that  the  energy  and 
phase  oscillations  are  90  degrees  in  phase  apart.  The  fast 
ripple  remaining  on  each  waveform  is  residual  betatron 
oscillation  not  completely  removed  by  the  DSP  time- 
domain  processing. 

BOOSTER  CIRCUMFERENCE  AND 
DISPERSION  MEASUREMENTS 

Booster  circumference  and  (horizontal)  dispersion 
measurements  were  performed  using  the  upgraded  BPMs. 
The  as-built  booster  circumference  does  not  match 
precisely  one-third  of  the  storage  ring  (SR)  circumference 
due  to  “distortion”  of  the  SR  lattice,  which  directs  stray 
radiation  away  from  the  X-ray  BPM  blades  [6].  The  rf 
frequency  is  defined  by  the  SR  circumference,  resulting  in 
a  beam  that  is  horizontally  off-axis  in  the  booster  at 
dispersion  regions.  The  circumference  measurement  was 
performed  by  vaiying  the  rf  drive  frequency  until  the 
average  horizontal  orbit  in  the  booster  was  zero.  The 
difference  between  start  frequency  and  the  frequency 
where  the  average  orbit  is  zero  is  proportional  to  the 
deviation  of  the  actual  circumference  to  the  ideal 
circumference  (proportionality  factor  is  the  known 
momentum  compaction  factor).  Using  this  technique,  the 
booster  circumference  was  found  to  be  1.8  cm  too  large. 
This  information  will  be  used  in  the  future  to  realign  the 
booster  magnets. 
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Similarly,  the  dispersion  at  the  BPMs  can  be  measured 
by  varying  the  rf  frequency  and  knowing  the  lattice 
momentum  compaction.  This  measurement  was  done  and 
is  now  a  routine  application  (along  with  the  chromaticity 
measurement).  Figure  3  shows  the  results  for  the  booster 
132-*,  109-,  and  92-nm-radian  lattices.  The  standard 
lattice  (132  nm-radian)  is  seen  to  have  zero  dispersion  in 
the  straight  sections.  The  two  lower-emittance  lattices 
show  nonzero  dispersion  in  the  straight  sections  as  is 
required  since  only  for  the  horizontal  tune  for  the  standard 
lattice  can  there  be  no  dispersion  in  the  straight  sections. 


BPM  Index 


Figure  3:  Measured  dispersion  function  for  132-,  109-, 
and  92-nm-radian  booster  lattices.  Some  BPMs  with 
obvious  gain  problems  are  observed.  One  can  see  that  in 
the  straight  sections  at  BPM  indexes  0,  40,  and  80  the 
dispersion  is  (nearly)  zero  only  for  the  standard,  132-nm- 
radian  lattice.  Comparison  of  the  data  with  theory  gives  a 
measure  of  the  BPM  gain  calibration  for  each  of  the 
different  lattices. 

CONCLUSION 

A  total  of  80  BPM  systems  were  upgraded  in  the  APS 
booster.  The  upgrade  was  a  cost-effective  solution  since 
the  existing  filter  comparator  was  modified.  The  booster 
BPM  upgrade  presented  improved  single-shot  resolution 
to  20  microns  rms,  which  was  an  improvement  of  more 
than  a  factor  of  50.  The  26-dB  gain  was  realized  purely 
passively  which  saved  the  cost  and  complexity  incurred 
with  an  active  amplification  solution.  Further  upgrades  of 
the  beam  history  modules  will  be  investigated  in  the 
future. 


The  upgraded  booster  BPMs  have  been  used 
extensively  for  orbit  correction  at  various  energies  as  the 
beam  is  ramped.  In  addition,  the  BPM  beam  histories 
have  been  used  in  an  application  to  correct  the  phase  and 
energy  errors  using  feedback  and  a  novel  DSP-based 
measurement  of  the  synchrotron  oscillation  at  injection. 
The  DSP  processing  of  the  beam  history  data  will  be  used 
in  the  future  to  measure  betatron  oscillation  as  a  function 
of  time  up  the  ramp.  The  BPMs  have  also  been  used  to 
measure  the  booster  circumference  for  realignment 
purposes  and  dispersion  to  characterize  new  low- 
emittance  booster  operating  modes. 
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Abstract 

The  Advanced  Photon  Source  (APS)  storage  ring  is  a 
third-generation  X-ray  synchrotron  radiation  user  facility. 
The  storage  ring  tune  measurement  system  consists  of 
signal  pickup  and  beam  excitation  drive  striplines,  a 
network  analyzer,  and  a  vector  spectrum  analyzer.  The 
system  has  been  used  for  daily  tune  tracking,  beta- 
function  measurement,  chromaticity  measurement,  lattice 
correction,  magnet  power  supply  stability  analysis, 
machine  coupling  impedance,  and  observation  of  beam 
instabilities.  Several  software  applications  were 
developed  to  automate  the  instrument  control  and  data 
collection  processes.  We  present  the  current  configuration 
of  the  tune  measurement  system,  the  software  tools,  and 
their  application  at  the  APS. 

SYSTEM  DESCRIPTION 

The  APS  storage  ring  tune  measurement  system 
consists  of  signal  pickup  and  beam  excitation  drive 
striplines,  an  HP4396  network  analyzer,  and  an  HP89441 
vector  spectrum  analyzer.  Figure  1  shows  the  block 
diagram  of  the  system. 


Figure  1:  Block  diagram  of  the  tune  system. 


The  input  signal  is  connected  to  the  difference  signal  of 
a  pair  of  diagonal  electrodes  of  the  pickup  striplines.  The 
rf  source  from  both  the  VSA  and  the  NA  are  summed 
together  to  drive  the  excitation  striplines.  On/off  is 
controlled  remotely  through  the  rf  on/off  command  of 
each  of  the  analyzers. 

The  HP89441  VSA  is  connected  to  the  controls  network 
via  standard  Ethernet  connection.  It  has  an  X-window 
screen  for  a  remote  control  panel,  which  can  conveniently 
be  called  up  from  any  workstation.  TCP/IP  commands  are 

*  Work  supported  by  the  U.  S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences  under  contract  No.  W-31-109-ENG-38. 


used  for  automatic  data  acquisition.  The  HP4396A 
network  analyzer  is  interfaced  to  a  VME-based  IOC. 
MEDM  screens  and  channel  access  commands  are 
available  for  remote  control  and  data  acquisition. 

STORAGE  RING  TUNE  ARCHIVING 

The  HP4396  network  analyzer  is  used  mainly  for 
routine  tune  measurement.  A  Tel  script  was  developed  for 
this  purpose.  It  is  used  for  daily  tune  archiving  during 
normal  user  beam  operation  and  machine  studies.  Figure  2 
shows  a  tune  spectrum  plot  for  the  low-emittance  lattice. 


tun*  doto:  104.23  -n*  73  bunch*.  Sol  Hv  2i  04:»6:U>  ZOU 


Figure  2:  Tune  plot  of  the  low-emittance  lattice. 


The  tool  also  allows  one  to  review  the  storage  ring  tune 
history,  which  is  useful  for  troubleshooting  storage  ring 
lattice  problems. 

The  resolution  of  the  tune  readings  is  estimated  to  be 

0.001. 

BETA  FUNCTION  MEASUREMENT 

The  beta  functions  of  a  storage  ring  can  be  measured 
with  different  methods.  The  quadrupole  magnets  of  the 
APS  storage  ring  are  all  powered  by  individual  power 
supplies.  This  is  ideal  for  measurement  of  beta  functions 
using  the  quadrupole  field  variation  method. 

The  beta  function  measurement  application  (see  Figure 
3)  graphically  displays  all  the  quadrupole  magnets  of  the 
storage  ring  in  a  matrix.  The  user  can  select  the  quad 
locations  where  the  beta  functions  are  to  be  measured  and 
the  model  machine  lattice  to  use.  The  script  automatically 
varies  each  quad  and  reads  the  tune  spectrum  from  the 
VSA.  After  each  measurement,  the  program  adjusts  the 
quad  current  to  restore  the  tunes  to  the  same  value  before 
the  measurement.  This  prevents  the  lattice  from  walking 
away  due  to  magnet  hysteresis. 
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Figure  3:  Front  page  of  beta  function  measurement 
application. 


Fitted  results  are  displayed  together  with  model 
calculated  beta  function  curves.  Figure  4  shows  a  plot  of 
fitted  beta  functions. 
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Figure  4:  Plot  of  a  fitted  and  design  beta  functions. 

CHROMATICITY  AND  DISPERSION 
FUNCTION  MEASUREMENTS 

Chromaticity  and  dispersion  function  measurements  are 
performed  by  varying  the  rf  frequency  and  acquiring  tune 
spectrum  waveforms  and  beam  position  monitor  readings. 
The  chromaticity  is  calculated  from  the  relationships 
Av/v=%  Ap/p  and  Ap/p=  -a ~!Af/f  where  v is  the  betatron 
tune,  £  is  the  chromaticity,  p  is  the  momentum,  and  a  is 
the  momentum  compaction  factor.  The  rf  frequency  /  is 
typically  varied  over  the  range  ±100  Hz,  over  which  the 
tune  shift  is  linear.  An  example  chromaticity 
measurement  is  shown  in  Figure  5. 


Chromaticities:  y  =  6.49±0.06  >  ~  6.51  iO. 10 


*  RMS  ResiduoU 0.0501  5  N-S  y  RK>S  Residuol- 0.0001  2  N-7 


Figure  5:  Chromaticity  measurement  results. 

For  the  dispersion  measurement,  fitted  results  are 
displayed  together  with  model  calculated  dispersion 
function  curves.  Figure  6  shows  a  plot  of  fitted  dispersion 
functions. 


Index 

Isf  cf  sddsvexperiment 
Figure  6:  Dispersion  measurement  results. 


TUNE  SHIFT  MEASUREMENT 

In  the  APS  storage  ring  there  are  many  small-gap 
insertion  device  chambers.  The  contribution  to  the  vertical 
impedance  can  be  quantified  by  measuring  the  time  shift 
with  beam  current  (tune  slope)  with  the  VSA  [2].  The 
measured  tune  waveforms  clearly  show  the  mode  merging 
between  the  tune  and  the  lower  synchrotron  sidebands  [3]. 
The  transverse  mode-coupling  instability  is  avoided  with 
a  high  positive  chromaticity.  The  total  effective 
impedance  computed  from  the  tune  slope  compares  well 
with  that  computed  from  the  impedance  model  [4]. 

SYNCHROTRON  TUNE  SPECTRUM 

Amplitude  modulation  of  the  rf  source  at  the  harmonics 
of  the  line  voltage  results  in  rf  noise  sufficient  to  drive  the 
synchrotron  frequency,  which  can  be  measured  using  the 
signal  striplines.  These  data  can  be  archived  and  are  used 
typically  in  two  ways.  First,  the  intercavity  rf  phase  is 
adjusted  to  maximize  the  synchrotron  frequency.  Second, 
the  data  can  be  compared  with  the  archive  to  diagnose 
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increased  rf  noise  coming  from  the  low-level  rf  system. 
Figure  7  shows  an  example  when  the  rf  noise  level  was 
elevated.  The  first  indication  of  problems  was  an  increase 
in  the  horizontal  beam  motion  by  a  factor  of  two.  The 
noise  source  was  traced  to  the  main  frequency 
synthesizer,  which  produced  120-Hz  amplitude 
modulation  when  the  AC  line  voltage  was  low  [5].  The 
data  were  acquired  at  the  seventh  harmonic  of  the 
fundamental  rf  frequency. 


Jm 

My 

-3  -2  -l  L)  1  "2 3 

frequency  offset  (kHz) 

h — ^ — -=i - tr 

1  2  3 

fre<!U"n-:y  o^set  (kHz') 


Figure  7:  Synchrotron  tune  spectra,  showing  elevated 
(top)  and  normal  (bottom)  noise  signatures.  The 
synchrotron  frequency  is  1 .8  kHz. 

INSTABILITY  OBSERVATION 

Occasionally,  while  exploring  new  operating  modes,  an 
intensity-dependent  beam  instability  is  observed  that  is 
driven  by  the  longitudinal  or  transverse  impedance. 
Typically,  the  first  observation  of  unstable  beam  motion  is 
an  apparent  emittance  blow-up  observed  on  the  bending 
magnet  synchrotron  radiation  photon  diagnostics.  To 
identify  collective  motion,  the  VSA  is  used  in  a  passive 
mode  to  acquire  beam  spectra  and  identify  self-driven 
tune  signals.  We  were  able  to  identify  a  longitudinal 
coupled-bunch  instability  and  its  driving  source  to  be  a 
TM  rf  cavity  HOM  in  one  of  the  16  rf  cavities.  In  Figure  8 
the  upper  trace  is  the  longitudinal  spectrum  from  a  stable 
beam  and  the  lower  trace  is  from  an  unstable  beam.  The 
numbers  of  the  lower  trace  indicate  the  phase  shift 
between  bunches  in  unit  of  2n;/3.  Clearly  there  is  a  strong 
mode  2ti/3  oscillation  on  top  of  the  regular  mode  0  bunch 
spectrum.  Note  the  mode  0  spectral  harmonics  are 
reduced  by  f/54  due  to  the  bunch  fill  pattern. 
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Figure  8:  Stable  (upper)  and  unstable  (lower)  spectra 
showing  longitudinal  coupled-bunch  instability. 


CONCLUSION 

The  tune  measurement  system  at  the  APS  has  played  an 
important  role  in  accelerator  operations,  lattice 
measurement,  and  instability  analysis. 
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Abstract 


In  this  paper  we  will  describe  a  data  acquisition  system 
designed  and  developed  for  the  AGS  Booster.  The  system 
was  motivated  by  the  need  to  get  high  quality  beam  diag¬ 
nostics  from  the  AGS  Booster.  This  was  accomplished  by 
locating  the  electronics  and  digital  data  acquisition  close 
to  the  Booster  ring,  to  minimize  loss  of  bandwidth  in  the 
original  signals.  In  addition  we  had  to  develop  the  sys¬ 
tem  rapidly  and  at  a  low  cost.  The  system  consists  of  a 
Lecroy  digital  oscilloscope  which  is  interfaced  through  a 
National  Instruments  Lab  View™  server  application,  devel¬ 
oped  for  this  project.  This  allows  multiple  client  applica¬ 
tions  to  time  share  the  scope  without  interfering  with  each 
other.  We  will  present  a  description  of  the  system  design 
along  with  example  clients  that  we  have  implemented. 


Figure  1 :  Booster  BPM  Data  Acquisition  Block  Diagram. 


INTRODUCTION 

The  AGS  Booster  has  operated  since  1991  as  a  pre¬ 
injector  of  protons  and  heavy  ions  into  the  AGS.  Over  the 
past  decade  the  operation  of  the  Booster  has  evolved  such 
that  it  now  always  operates  in  the  linear  regions  of  the  mag¬ 
netic  elements.  Most  recently,  though,  the  Booster  was 
modified  to  allow  for  slow  extraction  of  ions  to  the  NASA 
Space  Radiation  Laboratory  (NSRL).  This  facility  is  de¬ 
signed  to  employ  heavy  ion  beams  of  many  different  ion 
species  and  at  beam  energies  ranging  from  0.04  to  3.07 
GeV/nucleon.  Many  of  the  modes  of  operation  required 
by  NSRL  will  be  operating  the  Booster  at  the  limits  of  the 
magnets  and  respective  power  supplies.  In  order  to  allow 
operating  at  the  highest  fields  it  was  necessary  to  upgrade 
the  tune  quadrupole  trim  power  supplies,  to  provide  a  larger 
area  of  tune  space  maneuverability.  To  allow  us  to  experi¬ 
mentally  explore  these  high  rigidity  regions  of  the  Booster 
lattice  we  needed  a  flexible  yet  powerful  beam  diagnostics 
system,  which  would  provide  the  highest  possible  fidelity 
of  information  from  Beam  Position  Monitors  (BPM)  and 
the  Booster  wall  current  monitor.  In  this  report  we  will  de¬ 
scribe  this  system  and  show  examples  of  its  use. 

SYSTEM  DESCRIPTION  AND  DESIGN 

Figure  1  shows  a  block  diagram  of  the  data  acquisition 
system.  The  most  fundamental  component  is  a  Lecroy 
Waverunner™digital  oscilloscope.  This  scope  is  capable 
of  operating  at  1  GSample/sec,  with  2  MSamples/channel 

*  Work  performed  under  Contract  Number  DE-AC02-98CH 10886  with 
the  auspices  of  the  US  Department  of  Energy. 

t  Email:  kbrown@bnl.gov 


memory  depth.  This  allows  sampling  the  BPM  or  Wall  cur¬ 
rent  monitor  signals  for  as  long  as  2  msec  at  1  nsec  resolu¬ 
tion.  In  practice  we  need  only  to  sample  up  to  500  //sec  to 
get  good  resolution  in  the  betatron  tunes. 

Hardware  Components 

The  Booster  BPM  system  has  been  described  previously 
in  [1,  2].  Booster  BPM’s  are  located  in  f3max  locations  in 
the  Booster  lattice.  The  system  bandwidth  range  is  from 
0.05  to  30  MHz.  The  Booster  has  two  Wall  current  moni¬ 
tors,  one  for  RF  phase  loop  operation  and  a  second  one  for 
diagnostics.  The  Wall  current  monitor  bandwidth  is  in  the 
range  from  about  1  MHz  to  1  GHz.  The  Booster  BPM’s 
have  the  main  electronics  in  the  Booster  tunnel  and  use  op¬ 
tical  fiber  links  to  transmit  data  to  electronics  outside  the 
tunnel.  The  BPM  signals  are  then  sent  to  an  RF  Hybrid, 
used  as  a  combiner,  to  create  sum  and  difference  signals. 
The  vertical  sum  and  difference  and  the  horizontal  sum  are 
input  to  the  scope.  The  Wall  current  monitor  signals  are 
connected  through  high  frequency  coaxial  cables  directly 
to  the  Booster  Main  RF  controls  station.  The  digital  os¬ 
cilloscope  we  employ  is  located  in  a  rack  with  the  Booster 
Main  RF  controls. 

Software  Components 

One  of  the  advantages  of  using  the  Lecroy  digital  os¬ 
cilloscope  is  the  availability  of  driver  modules  and  in¬ 
terface  libraries  through  the  use  of  National  Instruments 
LabView™development  environment.  Since  this  system 
is  basically  a  copy  of  an  existing  AGS  application  [2],  we 
were  able  to  adapt  the  existing  Lab  View  application  code 
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to  the  new  scope  and  Booster  parameters.  But  we  didn’t 
just  make  a  copy  of  the  AGS  system.  One  of  the  limita¬ 
tions  of  the  AGS  system  is  the  application’s  interface  to  an 
oscilloscope  directly  through  a  GPIB  address.  Only  one  ap¬ 
plication  can  communicate  and  control  the  scope  during  a 
measurement  session.  To  enable  the  scope  to  be  accessible 
to  multiple  simultaneous  applications,  we  built  a  Lab  View 
server  and  adapted  the  applications  to  communicate  with 
the  scope  through  the  server.  Figure  2  shows  the  main  win¬ 
dow  for  the  server  application. 


Figure  2:  Server  Main  Window. 


T\ine  Meter  Client  Even  though  the  tune  meter  client 
was  adapted  from  the  AGS  tune  meter,  there  was  still  a  sub¬ 
stantial  amount  of  development  required  to  get  the  software 
to  work  with  the  new  system.  The  most  significant  differ¬ 
ence  in  the  two  systems  is  the  amount  of  preprocessing  that 
is  done  in  the  hardware.  For  the  AGS  tune  meter  system 
the  BPM  signals  are  heavily  integrated,  such  that  position 
information  is  retained  over  the  period  of  one  turn.  The 
scope,  in  the  AGS  case,  is  clocked  on  the  AGS  revolution 
frequency,  so  that  one  sample  is  taken  per  revolution.  This 
works  well  for  obtaining  a  frequency  from  an  FFT/DFT, 
but  limits  the  amount  of  information  that  can  be  obtained 
from  the  BPM  signal.  In  the  new  system  we  minimize 
the  amount  of  processing  outside  the  scope  and  sample  the 
BPM  signals  (sum  and  difference  signals)  using  the  scopes 
internal  clock. 

In  order  to  perform  the  same  FFT/DFT  operation  on  the 
data,  we  have  to  generate  a  position  per  turn  array  inter¬ 
nally  and  feed  that  data  to  the  FFT/DFT  modules.  To  do 
this  we  have  taken  advantage  of  the  ability  to  connect  our 
own  code  to  the  Lab  View  application,  using  the  Lab  View 
CIN  interface.  The  CIN  interface  is  a  mechanism  provided 
by  Lab  View  for  interfacing  external  c-code  to  the  applica¬ 
tion.  This  allows  us  to  take  the  BPM  sum  and  difference 
arrays  and  use  our  own  algorithms  to  generate  the  posi- 
tion/tum.  As  a  benefit  of  this  process  we  can  provide  any 
other  information  derived  from  the  BPM  signals,  includ¬ 
ing  integrated  intensity,  revolution  frequency,  and  bunch 
length  arrays.  The  problem  of  generating  the  position/tum 


data  requires  that  we  know  a  few  things  in  advance,  such 
as  the  RF  frequency,  the  harmonic,  and  the  expected  bunch 
length.  This  information  doesn’t  have  to  be  exact,  but  good 
enough  to  allow  the  algorithm  to  have  reasonable  starting 
points.  The  algorithm  begins  by  looking  at  just  the  sum 
data,  to  derive  the  locations  and  widths  of  the  bunches. 


pi 

fwhm2 


Sen  Step 


Figure  3:  Bunch  processing  cases. 


In  figure  3  six  cases  that  must  be  handled  are  shown. 
Since  the  scope  trigger  is  not  synchronous  to  the  bunches, 
the  start  of  a  sample  could  occur  on  a  bunch  or  someplace 
between  two  bunches.  The  algorithm  cannot  assume  the 
data  starts  in  a  bunch  free  region  of  time.  In  the  figure,  case 
1  is  annotated  to  illustrate  the  events  and  sample  windows 
used  in  the  algorithm.  In  cases  2,  5,  and  6,  the  data  begins 
on  top  of  a  bunch.  For  these  cases  the  start  point  must  be 
moved  to  just  after  the  first  partial  bunch.  In  cases  3  and 
4  the  user  defined  frequency  was  set  to  high  and  the  scan 
window  isn’t  long  enough  to  contain  two  full  bunches.  The 
user  defined  frequency  cannot  be  set  too  low,  either,  since 
this  risks  bunches  being  interpreted  as  noise.  The  algorithm 
uses  a  multi-search  approach  that  is  adaptive  and  learns  the 
proper  parameters  to  use  as  it  moves  along  the  bunch  train. 
The  first  task  it  must  accomplish  is  to  determine  where  to 
start  and  how  wide  a  sample  window  to  use.  To  accom¬ 
plish  this  it  uses  a  user  supplied  starting  frequency  and  har¬ 
monic  to  set  the  window  to  contain  two  bunches  worth  of 
data.  It  must  then  search  through  the  first  window  of  data 
and  set  a  starting  point  in  the  region  between  two  bunches. 
Since  it  is  possible  that  the  signal  to  noise  ratio  could  be 
small,  especially  given  1  nsec  sampling,  the  algorithm  per¬ 
forms  various  permutations  to  the  original  data  to  enhance 
the  bunch  data.  It  does  this  in  an  adaptive  way,  applying 
only  as  much  filtering  and  integration  as  required.  To  find 
a  bunch  the  sum  data  is  differentiated  to  obtain  positive  and 
negative  slopes  of  the  bunch.  This  allows  determination  of 
whether  an  edge  is  rising  or  falling.  Once  the  starting  point 
is  determined  the  algorithm  searches  over  a  sample  window 
of  data  to  find  two  maximums  (labeled  pi  and  p2  in  the 
figure),  separated  approximately  by  a  distance  determined 
from  the  user  supplied  RF  frequency,  with  each  located  in 
the  region  between  a  rising  and  falling  edge.  The  algorithm 
makes  various  tests  to  determine  that  it  is  finding  reason- 
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able  values.  Based  on  the  values  of  pi  and  p2  it  searches 
though  the  regions  between  the  bunches  to  find  the  middle 
point  between  the  bunches  (nl  and  n2  in  the  figure).  The  al¬ 
gorithm  then  steps  a  distance  of  one  Scan  Step  and  repeats 
the  exercise.  It  scans  across  the  entire  data  set  in  this  man¬ 
ner.  In  a  second  stage  the  algorithm  searches  around  each 
maximum  for  full  width  half  maximum  points  (fwhml  and 
fwhm2  in  the  figure)  and  refines  the  values  for  the  bunch 
peak  locations  and  the  middle  points  between  bunches.  Fi¬ 
nally,  using  the  knowledge  of  the  bunch  positions  it  scans 
across  the  difference  data  to  generate  the  position/tum  ar¬ 
ray,  using  the  integral  of  the  area  between  the  two  fwhm 
points.  The  algorithm  always  adjusts  parameters  such  that 
it  can  work  its  way  into  case  1. 

Turn  by  Turn  Mountain  Range  Client  As  with  the 
tune  meter  application,  a  LabView  application  exists  for  a 
turn  by  turn  mountain  range.  In  this  case  the  adaption  to 
the  new  system  was  more  straight  forward,  since  the  only 
change  that  was  needed  was  to  have  the  application  com¬ 
municate  with  the  server  instead  of  directly  to  the  scope.  In 
fact,  the  existing  AGS  application  can  be  used  to  commu¬ 
nicate  directly  to  the  scope  by  simply  giving  it  the  correct 
GPIB/TCPIP  address.  This  application  takes  a  frequency,  a 
harmonic,  and  an  f-dot  as  variables  and  produces  a  moun¬ 
tain  range  by  sampling  the  wall  monitor  at  the  required  fre¬ 
quency  to  get  the  desired  sample  size. 

RESULTS 

Figure  4  shows  the  data  analysis  results  window  of 
the  Tune  Meter  Client.  The  beam  position/tum  is  shown 
above  the  Fourier  transforms  for  the  horizontal  and  vertical 
planes.  Below  the  Fourier  transforms  is  a  frame  for  each 
plane  that  allows  zooming  in  on  the  spectrum  data. 


Figure  4:  Booster  Tune  Meter  Client. 


Figure  5  shows  the  main  window  of  the  Turn  by  Turn 
Mountain  Range  Client.  In  this  case,  although  the  har¬ 
monic  is  1,  two  turns  of  the  Wall  current  monitor  are  shown 
per  trace.  The  data  shows  beam  debunching  as  the  acceler¬ 
ating  RF  is  turned  off  on  a  zero  B-dot  porch. 


Figure  5:  Booster  Turn  by  Turn  mountain  range  client. 


FUTURE  DEVELOPMENTS 

By  using  a  client/server  communications  architecture  we 
have  given  ourselves  the  ability  to  provide  a  more  general 
platform  for  beam  diagnostics.  To  offer  more  flexibility  to 
the  system  we  are  looking  into  providing  a  high  frequency 
multiplex,  to  allow  connecting  different  signals  to  the  dig¬ 
ital  scope.  This  would  allow  selection  of  which  BPM’s  to 
view,  as  well  as  development  of  new  applications.  We  are 
also  looking  at  being  able  to  process  the  BPM  data  using 
fittings.  In  this  case  one  would  want  to  solve  equation  1  [3], 

Xn  =  C  +  Dn  +  Ae  5 — 91  cos(27rn(Qo  +  +  <t>) 

(1) 

Where  C,  D,  A,  Qo ,  0,  A Q,  and  SQ ,  are,  respectively; 
the  position  of  the  closed  orbit  at  the  BPM;  the  change  in 
the  closed  orbit  position  per  turn;  the  amplitude,  tune,  and 
phase  of  the  betatron  oscillations;  the  tune  spread  of  the 
beam;  and  the  tune  shift  per  turn,  n  represents  the  turn 
number  and  Xn  is  the  position  per  turn. 

REFERENCES 

[11  DJ.Ciardullo  et  al,  “Design  of  the  AGS  Booster  Beam  Posi¬ 
tion  Monitor  Electronics”,  PAC’91,May  6-9, 1991,  San  Fran¬ 
cisco,  CA,  p.1431. 

http://accelconf.web.cem.ch/AccelConf/p91/INDEX.HTM 

[2]  W.K.van  Asselt  et  al,  “The  Tune  Meter  Systems  at  the 
AGS  Complex”,  PAC’91,May  6-9, 1991,  San  Francisco,  CA, 
p.1273 

http://accelconf.web.cem.ch/AccelConf/p91/INDEX.HTM 

[3]  C.Gardner  et  al,  “Tum-by-Tum  Analysis  of  Proton  and  Gold 
Beams  at  Injection  in  the  AGS  booster”,  PAC’ 99, March  29- 
April  2,  1999,  New  York,  NY,  p.2063 
http://acceIconf.web.cem.ch/AccelConf/p99/PROCS.HTM 


2443 


Proceedings  of  the  2003  Particle  Accelerator  Conference 

SPALLATION  NEUTRON  SOURCE  RING  DIAGNOSTICS* 

P.  Cameron,  J.  Brodowski,  P.  Cemiglia,  R.  Connolly,  J.  Cupolo,  C.  Dawson,  C.  Degen, 

A.  DellaPenna,  D.  Gassner,  R.  Gonzalez,  M.  Grau,  J.  Gullotta,  L.  Hoff,  A.  Hiihn,  M.  Kesselman, 
C.  Liaw,  J.  Mead,  R.  Sikora,  G.  Smith,  K.Vetter,  M.  Wilinski,  BNL,  Upton,  NY  11973,  USA  * 
S.  Assadi,  W.  Blokland,  C.  Diebele,  D.  Purcell,  T.  Shea,  ORNL,  Oak  Ridge,  TN ,  USA 
M.  Plum,  LANL,  Los  Alamos,  NM ,  USA 
R.  Witkover,  TechSource,  Santa  Fe,  NM,  USA 


Abstract  OVERVIEW 

Brookhaven  is  providing  the  Ring  and  Transfer  Lines  An  overall  description  of  the  SNS  project  and  status  is 
Beam  Diagnostics  for  the  Spallation  Neutron  Source  available  in  these  proceedings];  1],  as  well  as  an  update  on 

(SNS),  to  be  installed  at  Oak  Ridge  National  Laboratory,  the  Ring  and  Transfer  Lines[2].  Additional  background 

The  customary  diagnostics  that  will  be  present  include  information  on  SNS  diagnostics  is  available  in  earlier 

Beam  Position  Monitors  (BPM),  Ionization  Profile  conference[3]  and  Beam  Instrumentation  Workshop[4,5] 

Monitors  (IPM),  Beam  Loss  Monitors  (BLM),  Beam  proceedings.  An  overall  layout  of  SNS  Diagnostics  ’  is 

Current  Monitors  (BCM),  Coherent  Tune  Measurement,  shown  in  Figure  1 . 

and  Wire  Scanners.  An  overview  of  these  systems  is  The  SNS  Diagnostics  team  is  taking  full  advantage  of 
presented,  along  with  brief  discussions  of  SNS-specific  the  cost  and  performance  advantages  offered  by  the 

problems  that  must  be  addressed,  including  unprecedented  ubiquitous  PC  platform.  With  a  few  exceptions,  a  typical 

beam  power,  large  dynamic  range,  a  stringent  loss  budget,  SNS  diagnostic  is  a  rack-mount  PC  running  embedded 

space  charge,  beam  halo,  and  electron  cloud.  We  also  Windows  2000  or  XP,  with  control  of  data  acquisition  and 

present  an  overview  of  systems  more  specifically  tailored  accomplishment  of  data  analysis  handled  by 

to  address  these  problems,  including  Beam-in-Gap  LabVIEW[6].  Each  PC  also  runs  EPICS  IOC  core,  so  the 

measurement  and  cleaning,  two  types  of  incoherent  tune  PCs  appear  to  be  Input-Output  Controllers  to  the  EPICS 

measurement,  halo  monitor,  and  video  monitors  for  Control  System.  Whenever  possible  standard  off-the-shelf 

stripping  foils  and  the  electron  catcher.  PCI  analog  front  end/digitizer  boards  have  been  used.  In 

the  more  demanding  applications  (BPM,  BCM,  IPM,  tune 
systems)  a  custom  PCI  board  is  used.  Timing  signals  are 


Fig.  1.  (color)  Layout  of  the  diagnostics  in  the  SNS  facility,  color-coded  to  indicate  the  staged  installation  dates. 
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decoded  by  a  standard  SNS  timing  module  embedded  in  a 
PCI-interfaced  FPGA.  For  systems  using  the  custom  PCI 
AFE/digitizer  boards,  this  gate  array  is  the  PCI  interface, 
and  also  offers  the  possibility  of  fast  pre-processing. 

BEAM  POSITION  MONITORS 

Dual  plane  50ohm  250mm  long  stripline  electrodes  are 
located  at  all  quadrupoles.  The  transfer  line  striplines  are 
shorted  to  take  advantage  of  the  superior  mechanical 
accuracy  offered  by  that  construction.  The  Ring  striplines 
are  open  to  permit  biasing  for  electron  clearing.  Apertures 
vary  from  12cm  in  HEBT  to  36cm  in  the  downstream 
portion  of  RTBT. 

Verification  of  signal  path  and  calibration  of  electronics 
will  be  accomplished  via  S21  measurements.  Beam-based 
offset  determination  (BBOD)  will  be  employed  to  find 
BPM  electrical  centers  relative  to  quad  magnetic 
centers[7].  Log-ratio  processing  in  combination  with 
BBOD  opens  the  possibility  of  further  calibration  of  the 
electronics.  All  Ring  and  RTBT  electronics  will  be  dual¬ 
band,  with  both  baseband  and  402.5MHz  processing. 

IONIZATION  PROFILE  MONITOR 

The  SNS  IPM  is  an  improved  version  of  the  IPMs 
installed[8]  in  the  RHIC  ring.  Modifications  were 
necessary  due  to  rf  coupling  to  the  beam,  susceptibility  to 
beam  loss,  and  interference  from  electrons. 

To  deal  with  rf  coupling,  the  microchannel  plates  were 
moved  outside  the  beam  image-current  path  and  lOOdB  of 
rf  shielding  was  added. 

Beam  loss  can  cause  particle  showers  to  pass  through 
the  micro-channel  plate  and  the  collector  board, 
generating  large  background  signals.  Again,  moving  all 
components  outside  the  aperture  minimized  this  problem. 

Interference  from  electrons  is  handled  by  extending  the 
IPM’s  electric  and  magnetic  fields  beyond  the  active 
volume  to  prevent  electrons  created  outside  from  entering. 
Additionally,  the  beam  pipe  in  the  ring  is  TiN-coated  to 
suppress  electron  creation.  Finally,  the  IPM’s  strong 
electric  field  will  prevent  electron  multipacting. 

The  modified  RHIC  IPM  was  tested  by  scraping  beam 
upstream  on  the  beam  pipe  wall.  As  shown  in  Fig.  2,  the 
profile  using  the  improved  IPM  is  much  cleaner  than  the 
profile  measurement  using  the  unmodified  unit. 

BEAM  LOSS  MONITORS 

The  high  average  beam  power  requires  that 
uncontrolled  losses  be  kept  very  low  to  allow  machine 
maintenance.  The  BLM  system  is  designed  to  detect  an 
uncontrolled  loss  of  1  part  in  104  at  1  MW  over  the  full 
ring  and  provide  a  signal  to  inhibit  further  injection.  Ion 
chambers  (IC)  will  be  used  as  the  detectors  to  provide  the 
interlock  function  and  multi-turn  loss  data.  Several  photo¬ 
multipliers  will  provide  observation  of  losses  within  the 
bunch.  The  ICs  will  be  at  each  quadrupole,  the 
collimators,  and  key  injection  and  extraction  loss  points. 


r  Average  Profile 


Fig.  2.  (color)  RHIC  IPM  measurements  before  (top) 
and  after  (bottom)  modifications. 


Several  movable  units  may  be  placed  at  local  hot-spots, 
for  a  total  of  70  channels. 

A  new  design  IC  has  been  developed  for  the  SNS[9], 
resulting  in  significantly  faster  ion  transit  times  and 
higher  dose  rate  capability.  Nominal  sensitivity  is  70 
nC/rad.  The  system  is  designed  to  handle  a  104  dynamic 
range.  Each  BLM  signal  will  be  acquired  by  an  individual 
channel  of  a  24-bit  ADC  sampling  at  100  KS/sec[10]. 

The  fast  BLMs  consist  of  bare  photomultipliers, 
eliminating  the  problems  of  radiation  darkening  and 
disposal  of  mixed  wastes.  Unit-to-unit  variation  and 
radiation  effects  on  the  window  of  the  tube  will  require 
periodic  re-calibration  and  individual  HV  power  supplies. 
The  signals  will  be  integrated  over  the  bunch  length  and 
read  through  digitizer  channels  of  a  multi-channel  fast 
digitizer  to  observe  losses  within  the  bunch. 

BEAM  CURRENT  MONITOR 

The  BCM  system  is  designed  to  handle  the  2xl014 
circulating  protons  required  for  a  2MW  beam.  Peak 
current  can  reach  100 A,  and  care  must  be  taken  to  prevent 
transformer  core  saturation.  To  achieve  1%  accuracy  and 
0.1%  resolution,  droop  is  specified  to  be  less  than  0.1% 
during  the  1msec  accumulation  period,  requiring  a  decay 
time  constant  of  about  1  second.  Rise  time  is  specified  at 
50ns.  A  Bergoz®  current  transformer  with  rise  time  <lns 
and  droop  of  0.1%/ps  is  used.  Software[ll]  compensates 
for  transformer  droop  and  provides  the  1  second  time 
constant.  The  signal  is  processed  by  a  switched  gain 
amplifier  followed  by  a  7MHz  Gaussian  Filter.  A  5-pole 
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17MHz  Chebyshev  filter  provides  anti-aliasing  before 
digitization  at  68MS/s.  Charge  is  calculated  for  each  turn 
as  well  as  the  macro-pulse  total  A  100MHz  BW  output 
goes  to  a  fast  digitizer  capable  of  capturing  the  edge 
information. 

INCOHERENT  TUNE 

Incoherent  tune  will  be  determined  by  both  dipole  and 
quadrupole  beam  transfer  function  measurements.  Both 
systems  will  employ  resonant  kickers  and  pickups.  Kicker 
control  and  data  acquisition  and  analysis  will  be 
accomplished  with  modified  BPM  electronics.  The 
objective  of  the  BTF  systems  is  to  map  the  tune  footprint, 
which  is  large  in  the  SNS  Ring  as  a  result  of  chromaticity 
and  space  charge  tune  depression.  Both  systems  will  be 
similar  to  an  existing  system  in  RHIC[12]. 

BIG/HALO  MONITOR 

Gap  beam  will  be  vertically  kicked  onto  the  collimators 
for  the  last  60  to  100  turns  of  the  accumulation  cycle  by 
4.5m  long  50  ohm  striplines  driven  by  7KV  pulsers,  and 
observed  with  a  gated  FBLM.  Kick  strength  and  number 
was  determined  utilizing  particle-in-cell  tracking 
code[13].  Scrapers  for  BIG  tuning  and  halo  observation 
will  be  installed  adjacent  to  the  IPMs.  Kicker  control  and 
data  acquisition  and  analysis  will  be  accomplished  with 
modified  BPM  electronics. 

COHERENT  TUNE 

The  BIG/Halo  kicker  will  also  be  utilized  in  the 
coherent  tune  system.  Position  signals  will  come  from  a 
dedicated  BPM.  Kicker  control  and  data  acquisition  and 
analysis  will  be  accomplished  with  independent  modified 
BPM  electronics.  Both  FFT  and  fit  algorithms  will  be 
employed.  In  addition  to  this  independent  system,  the 
capability  to  calculate  tune  using  all  ring  BPMs  will  be  a 
part  of  the  Orbit  software. 

WIRE  SCANNERS 

The  wire  scanner  mechanisms  and  electronics  are 
provided  by  LANL,  and  are  described  in  detail  in  ref  [14[ 

VIDEO  FOIL  MONITOR 

Normal  operating  temperature  of  the  primary  stripping 
foil  will  be  ~2000K,  permitting  use  of  a  vacuum  tube 
radiation  hard  video  camera,  located  in  a  cubby  near  the 
injection  region.  This  camera  will  also  be  used  to  confirm 
the  position  of  the  primary  foil  and  monitor  its  integrity. 
A  second  similar  camera  will  be  similarly  installed  to 
monitor  beam  profiles  at  the  secondary  stripping  foil 
when  a  phosphor  screen  is  positioned  in  the  beam  path. 
During  timing,  a  similar  phosphor  screen  can  be 
positioned  at  the  primary  stripping  foil  location.  The 
position  and  angle  of  the  injected  beam  can  be  measured, 
and  beam  profile  data  can  be  obtained.  A  third  system  will 


monitor  the  electron  catcher,  which  is  located  just  below 
the  primary  injection  stripping  foil.  Each  system  will  have 
a  multi-position  neutral  density  filter  assembly  mounted 
between  camera  and  lens  to  avoid  saturation.  The  analog 
video  signals  will  be  processed  using  the  NI-PCI-1409 
Image  Acquisition  board,  and  live  video  will  be  available 
via  the  network  using  a  video-to-Ethemet  converter. 

FAST  DAQ  SYSTEMS 

Fast  signals  from  the  BLM,  BCM,  and  electron  detector 
systems  will  be  processed  by  ‘PC  scopes’,  utilizing 
standard  commercially  available  PCI-based  digitizers. 

CONCLUSION 

A  full  complement  of  sophisticated  diagnostics  systems 
is  essential  to  provide  the  information  needed  to 
commission  and  operate  the  SNS.  The  challenge  of 
integrating  these  systems  and  bringing  them  on-line  with 
limited  manpower  is  being  met  by  utilizing  commonality 
between  systems,  in  both  the  inter-  and  intra-laboratory 
arenas. 
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Abstract 

The  Spallation  Neutron  Source  (SNS)  [1]  being  built  at 
Oak  Ridge  National  Laboratory  (ORNL)  is  designed  to 
deliver  L5  xlO14  protons  at  1.0  GeV  in  one  bunch  at  60 
Hz  to  a  liquid  mercury  target.  To  achieve  this  without 
excessive  activation,  an  uncontrolled  loss  criteria  of  1  part 
in  104  (~1  W/m)  has  been  specified.  Measured  losses 
will  provide  machine  tuning  data,  a  beam  abort  trigger, 
and  logging  of  loss  history.  The  design  of  the  distributed 
loss  monitor  system  utilizing  argon-filled  ionization 
chambers  and  photomultipliers  will  be  presented,  as  well 
as  data  from  tests  with  beam. 


BACKGROUND 

The  SNS  is  being  built  at  ORNL  by  a  collaboration  of  6 
laboratories,  each  responsible  for  specific  sections  of  the 
accelerator.  However,  for  efficiency  and  uniformity, 
controls  and  some  beam  instrumentation  were  handled 
globally.  BNL  has  responsibility  for  the  beam  loss 
monitoring  system  for  all  of  SNS.  An  H-minus  ion  source 
injects  into  a  2.5  MeV  RFQ,  followed  by  a  Drift  Tube 
Linac  (DTL)  which  accelerates  the  beam  to  87  MeV.  The 
beam  then  enters  a  Cavity  Coupled  Linac  (CCL),  exiting 
at  186  MeV.  A  Superconducting  RF  Linac  (SRF)  brings 
the  beam  energy  to  1  GeV.  The  High  Energy  Beam 
Transport  (HEBT)  carries  the  beam  to  the  Ring  where  it  is 
stripped  to  protons  and  accumulated  in  a  single  695  nsec 
bunch  over  the  1  msec  injection  pulse.  The  bunch  is 
transported  via  the  Ring-to-Beam-Target  (RTBT)  line  to 
the  target.  The  design  pulse  beam  current  in  the  Linac  and 
HEBT  is  38  mA.  In  the  Ring  it  will  increase  to  more  than 
40  A  at  the  end  of  the  pulse,  for  a  total  of  1.5  x  1014 
protons.  This  high  average  beam  power  makes  it  crucial 
that  uncontrolled  losses  be  minimized  through  careful 
design  with  beam  dumps  and  collimators  handling  losses 
in  a  controlled  manner.  It  is  the  job  of  the  BLM  system  to 
provide  data  to  minimize  uncontrolled  losses  and  inhibit 
the  beam  when  excessive  losses  occur. 


SYSTEM  PHILOSOPHY  AND  DESIGN 

Sufficient  detector  coverage  is  required  to  accomplish 
this  goal.  To  provide  full  coverage  the  BNL  Linac  and 
AGS  Ring  uses  long  argon-filled  ion  chambers  made  from 
hollow,  large  diameter  coaxial  cables[2].  The  same  type 
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of  detectors  have  been  used  at  ISIS,  a  machine  similar  to 
SNS  [3].  A  long  detector  can  provide  continuous 
coverage  but  its  length  often  prevents  close  coupling  to 
the  beam  line,  lowering  response.  Since  most  losses  will 
occur  at  the  beta-max  most  of  the  detector  receives  a 
much  lower  exposure,  reducing  the  benefit  of  the  greater 
length.  These  cables  cannot  support  high  bias  voltage, 
limiting  them  to  low  dose  rates.  For  these  reasons, 
smaller,  sealed  glass  ion  chambers  were  designed  for  the 
FNAL  Tevatron  [4]  and  also  used  in  RHIC  [5].  In  the 
SNS  HEBT,  Ring  and  RTBT,  detectors  will  be  placed  at 
essentially  every  quadrupole  and  at  other  key  points.  In 
addition  a  number  of  movable  BLMs  have  also  been 
included.  Table  I  shows  the  distribution  of  BLMs. 


DTL 

CCL 

SRF 

12 

28 

86 

HEBT 

Ring 

RTBT 

59 

70 

40 

Table  I.  Distribution  of  BLMs.  Total  =  295 

Ion  chambers  will  be  used  as  the  primary  detector. 
Commercial  pin-diode  BLM  [6]  are  not  well  suited  to  the 
1  msec  beam  pulse.  PMTs  require  excessive  recalibration 
and  are  not  practical  for  a  high  count  distributed  system. 
However,  some  will  be  installed  to  view  losses  within  the 
bunch.  These  will  be  used  for  only  relative  time  history. 

SYSTEM  REQUIREMENTS 

The  SRF  cavities  can  quench  if  hit  by  large  beam 
losses  over  several  pulses.  At  the  other  end  of  the  scale, 
even  low  level  losses  over  extended  periods  can  prevent 
“hands-on”  maintenance.  Experience  at  LAMPF  and  the 
PSR,  and  studies  for  APT  at  LANL  [7]  indicate  that  a  loss 
of  1  W/m  corresponds  to  about  100  mR/hr.  This  would  be 
equivalent  to  a  loss  of  about  0.01%  uniformly  around  the 
Ring.  The  system  should  be  able  to  detect  this  level  with  a 
resolution  of  1%.  The  BLM  system  must  have  sufficient 
dynamic  range  to  detect  long-term  low  level  losses,  but 
not  saturate  during  short  duration,  high  level  losses. 

Experience  has  shown  that  the  beam-on  dose  rate  can 
be  estimated  from  the  beam-off  dose  rate  by  a  “rule-of- 
thumb”  multiplier  of  1000.  Thus  100  mR/hr  at  1  foot 
would  imply  a  beam-on  dose  rate  of  100  R/hr,  or,  0.46 
R/sec  during  the  1  msec,  60  Hz  beam.  This  is  taken  as  the 
1  W/m  low  end  loss.  The  upper  end  limit  (1%  local  loss) 
is  based  on  the  expected  losses  in  the  Ring  collimators 
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[8].  This  represents  a  6-decade  range  but  linearity  at  the 
high  end  is  not  critical. 

The  BLM  system  must  generate  a  beam  abort  signal  for 
the  Machine  Protect  System  (MPS)  in  less  than  10  psec. 
Long  term  low  level  losses  can  activate  and  damage 
beamline  components.  Channels  exceeding  the  1  W/m 
loss  level  for  extended  periods  will  be  monitored  in 
software  resulting  in  a  warning  alarm  to  operations. 
Losses  which  exceed  the  programmable  threshold  will 
trigger  an  inhibit  signal  sent  through  the  IOC  hardware  to 
the  MPS. 


DETECTOR 

SNS  will  use  295  argon-filled  ion  chambers  as  the 
primary  detectors  for  monitoring  beam  losses.  Argon  has 
the  advantage  of  fast  electron  transit  time  compared  to 
slower  air  filled  detectors  [9],  The  initial  choice  was  an 
ion  chamber  designed  for  the  Tevatron,  but  concerns 
about  saturation  at  high  dose  rate  and  long  ion  transit  time 
(~  700  psec  at  2  kV  bias)  led  to  the  development  of  a  new 
ion  chamber  designed  to  overcome  these  limitations  [10.] 
It  utilizes  a  larger  inner  diameter  electrode  to  significantly 
decrease  the  ion  transit  time  and  raise  the  collection 
efficiency  for  a  1%  local  loss. 


BLMs  mounted  near  RF  cavities  may  detect  X-rays. 
Measurements  at  RHIC  indicate  that  this  may  reach  50 
R/hr  for  a  1  MV  gap  voltage.  This  would  be  at  a  level 
comparable  to  the  1  W/m  losses.  It  is  estimated  that  3/8- 
inch  of  lead  would  provide  sufficient  shielding  but  a  study 
will  be  done  using  the  SRF  cavities  to  determine  if  this 
would  reduce  the  X-rays  to  an  acceptable  level.  It  will 
also  be  necessary  to  determine  the  effect  on  the  beam  loss 
measurement. 

CABLING 

Experience  with  the  RHIC  loss  monitor  system  has 
shown  that  nano-ampere  measurements  require  low  tribo- 
electric  cable.  Tribo-electric  noise  comes  from  friction 
between  the  conductors  and  insulation  due  to  movement, 
such  as  vibration,  but  a  low  friction  coating  between 
insulator  and  conductors  will  reduce  this  significantly. 
Special  cable  such  as  Belden  9054  or  9224  will  be  used 
for  the  signals.  Two  HV  cables  (Times  Microwave 
91421),  from  separate  HV  power  supplies  will  connect  to 
alternate  BLM’s  from  each  rack  to  provide  some  coverage 
in  the  event  of  a  high  voltage  short  or  power  supply 
failure. 


ELECTRONICS 

The  interface  to  the  Controls  system  will  be  in  VME, 
with  analog  signal  electronics  housed  separately  in  the 
same  rack.  Figure  1  shows  the  system  block  diagram. 


Analog  Front  End  Electronics  To  mps  ioc  Crate  (vme) 


Figure  1.  BLM  System  Block  Diagram 


ANALOG  FRONT  END  ELECTRONICS 

The  BLM  System  must  measure  beam  losses  from  a 
1%  local  loss  (15  kW)  down  to  1%  resolution  of  a  1  W/m 
(~0.01%)  loss,  a  dynamic  range  of  over  120dB  ,  or  at  least 
21  bits.  In  terms  of  signal  current,  this  corresponds  to  a 
range  from  324  pA  to  486  pA.  Fortunately  there  is  a  large 
difference  in  bandwidth  between  the  requirements  (0.1  Hz 
to  35  kHz),  which  can  be  exploited.  The  circuit  (Figure  2) 
provides  3  outputs  to  meet  the  wideband-wide  range  data, 
fast  trip,  and  1  W/m  sensing  requirements. 


C<-.0022 


Figure  2.  Analog  Front  End  Electronics  Schematic 


Since  the  ion  chamber  is  a  current  source,  the  transfer 
gain  is  set  by  the  feedback  resistor  while  the  input  resistor 
only  determines  the  voltage  noise  gain  and  input  signal 
risetime.  For  a  typical  100  m  cable  the  470  H  input 
resistor  gives  about  a  5  psec  risetime.  Three  jumper 
selectable  gains  are  provided  to  allow  for  lower  losses  in 
the  linac  or  higher  losses  near  dumps  or  collimators. 

Viewing  Gain”  can  be  set  and  read  back  remotely 
without  affecting  the  beam  interrupt  or  1  W/m  outputs.  A 
6.2  k Q,  feedback  resistor  puts  the  signal  mid-range  for  5  V 
ADC  for  a  1%  beam  loss.  For  the  35  kHz  SNS  BW,  the 
10  pA  equivalent  noise  observed  in  RHIC  with  a  10  Hz 
BW  would  correspond  to  3.7  pV. 
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A  1  W/m  loss  will  produce  about  200  |iV  out  of  the  input 
stage,  roughly  an  LSB  for  a  5V,  16-bit  (15-bit  plus  sign) 
ADC.  Another  6  to  7-bits  would  be  needed  for  1  % 
resolution  of  the  1  W/m  loss.  The  first  stage  signal  is  split 
and  passed  through  a  1  kHz  low  pass  filter,  reducing  the 
noise  and  lowering  the  peak  of  fast  losses,  allowing  an 
additional  gain  of  10.  While  a  lower  cut-off  would  further 
reduce  the  noise  it  might  not  allow  measurement  of  the 
baseline  for  offset  subtraction.  The  output  is  applied  to  a 
24  bit,  100  kSa/sec  ICS-1 10B  ADC.  Testing  has  shown 
that  it  can  achieve  18-19  bit  resolution  but  taking  over 
600  samples  provides  the  required  sensitivity. 

Experience  at  LANSCE  [11]  has  shown  that  integrated 
dose  rather  than  dose  rate  should  be  used  for  the  beam 
inhibit.  The  output  of  the  first  stage  is  split  again  and  sent 
to  an  integrator.  The  integrator  output  is  fed  to  a 
comparator  module  in  the  VME  which  generates  an 
inhibit  for  the  MPS  when  the  programmable  reference  is 
exceeded.  The  circuit  is  a  “leaky  integrator”,  with  a  large 
value  resistor  to  bleed  the  charge.  It  is  simple  and 
provides  a  good  representation  of  the  pulse  dose. 
Simulations  indicate  that  for  the  1  msec  pulse  the  output 
will  reach  equilibrium  in  3  beam  pulses  with  an  error  of 
less  than  10%  while  decaying  to  under  5%  by  the  next 
beam  pulse.  For  the  RTBT  channels  the  integrator  serves 
a  dual  purpose.  Since  impulse  losses  from  the  695  nsec 
wide  RTBT  beam  pulse  would  be  too  narrow  for  the  100 
kSa/s  ADCs  to  acquire  through  the  wideband  output,  the 
signal  from  this  integrator  will  be  jumper  selected  for 
input  to  the  Viewing  Gain  stage. 


MPS  INTERFACE  CIRCUIT 

The  output  of  the  leaky  integrator  is  compared  to  a 
computer  settable  reference  voltage  to  sense  excessive 
loss.  The  comparator  output  is  applied  to  an  open- 
collector  TTL  driver  which  is  used  to  signal  the  MPS  that 
the  beam  should  be  inhibited.  The  circuit  also  passes 
through  a  continuity  line  from  the  MPS  through  the  AFE 
module  which  will  alert  the  MPS  if  either  the  MPS 
interface  or  AFE  module  is  removed  or  powered  down. 


PACKAGING 

The  8  channel  AFE  boards  are  packaged  in  6U,  6hp  wide 
eurocard  modules.  Four  modules  are  mounted 
horizontally  in  a  4U  high  cardcage.  A  custom  backplane 
provides  a  common  bus  to  allow  multiplexed  readback  of 
the  more  than  220  digital  states  by  the  IOC,  using  8  bits. 
Linear  supplies  provide  clean  power.  The  HV  power 
supplies,  ADCs,  DACs  for  the  MPS  references,  Digital 
I/O  modules,  and  the  MPS-I/F  modules  are  located  in  the 
VME  crates  with  the  control  system  IOC  CPU  and 
support  modules. 


STATUS 

A  prototype  AFE  crate  has  been  fabricated  with  a  hand- 
wired  backplane  and  tested  with  an  IOC.  One  8-channel 
AFE  module  has  been  fully  tested.  The  AFE  crate  8- 
channel  AFE  module,  IOC  and  2  detectors  have  been 
delivered  to  the  ORNL  site  for  commissioning  of  the  DTL 
linac  section.  Another  four  AFE  modules  have  been  built 
and  are  being  testing.  Seven  more  detectors  are  being 
prepared  for  shipment.  An  AFE  crate  is  being  prepared  to 
accept  the  PCB  backplane  when  it  is  completed  shortly. 
This  preproduction  crate  with  the  4  AFE  modules  will  be 
sent  to  ORNL  following  testing. 
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DESIGN  AND  TESTING  OF  THE  NEW  ION  CHAMBER  LOSS  MONITOR 

FOR  SNS 


R.  L.  Witkover,  TechSource,  Inc.,  Santa  Fe,  NM 
D.  Gassner,  Brookhaven  National  Laboratory,  Upton,  NY  11973 


Abstract 

An  ion  chamber  beam  loss  monitor  has  been  designed  for 
the  Spallation  Neutron  Source  (SNS).  The  new  detector 
overcomes  concerns  with  the  original  design  about  slow 
ion  collection  times  and  low  collection  efficiency  at  high 
loss  rates.  Prototypes  have  been  built  and  tested  with 
static  sources  and  pulsed  beams.  Commercially  made  pre- 
production  units  have  been  fabricated  and  laboratory 
tested.  Details  of  the  design  and  test  results  will  be 
presented. 

BACKGROUND 

Ion  chambers  (IC’s)  are  the  detector  of  choice  at  many 
accelerators  for  measuring  beam  loss.  Their  stability, 
sample  uniformity,  flat  response  over  a  wide  voltage 
range  and  sensitivity  are  strong  features.  Shafer  designed 
a  simple  chamber  for  the  Tevatron  in  1982[1],  which  were 
also  used  in  RHIC  at  BNL[2].  These  have  a  coaxial  !4” 
OD  tube  inner  and  1 .5”  ID  nickel  foil  outer  electrodes  in 
an  argon  filled  glass  tube.  Testing  of  the  RHIC  ICs 
showed  wide  sample  variations  with  the  preferred  bias 
polarity  (electrons  collected  on  the  inner  electrode). 
However,  when  biased  with  the  opposite  polarity,  unit-to- 
unit  variations  were  small.  Due  to  schedule  demands  the 
non-preferred  polarity  was  used  in  RHIC.  The  resulting 
slower  ion  signal  rise  time  and  earlier  saturation  were  not 
a  problem  in  RHIC,  but  would  be  important  concerns  in 
SNS.  Recently  it  was  found  that  a  crimp  in  the  outer 
electrode  at  the  support  attachment  was  the  cause  of  the 
problem  and  was  eliminated  by  a  simple  fix.  It  is  likely 
that  subtle  changes  in  the  fabrication  technique  over  the 
intervening  15  years  caused  the  problem.  Tests  on  8 
samples  built  with  this  change  showed  good 
reproducibility[3]. 


intensity.  While  the  ICs  do  not  need  to  resolve  the  time 
structure  of  the  bunch  (PMTs  will  be  used  for  that)  they 
must  be  able  to  provide  a  fast  beam  abort  signal  to  the 
Machine  Protection  System  (MPS).  Subsequent  analysis 
and  tests  showed  that  the  FNAL  ICs,  even  with  the  fix, 
would  not  satisfy  the  signal  rise  time  and  high  dose  rate 
requirements.  A  new  design  was  needed. 

RISE  TIME 

While  electrons  are  collected  in  a  few  microseconds 
the  heavier  ions  take  much  longer.  At  2000  V  the  ion 
collection  time  for  the  FNAL  IC  would  be  close  to  700 
psec.  For  a  step  loss  the  ion  portion  of  the  signal  would 
rise  over  the  1  msec,  and  fall  with  a  700  psec  tail.  While 
the  electron  signal  would  allow  a  rapid  beam  abort,  the 
waveform  during  the  pulse  would  require  unfolding. 

The  positive  ion  transit  time  is  given  by: 


where: 

Po  =  Ion  mobility  at  STP  [  cm2/(V-sec)] 

V  =  Applied  Voltage  [V] 

Po  —  Atmospheric  pressure 
P  =  Working  pressure 

d  =  Effective  electrode  separation  [cm]  for  cylindrical 
geometry[4] 

The  transit  time  can  be  reduced  by  decreasing  the 
electrode  gap,  but  the  chamber  must  be  lengthened  to 
keep  the  same  sensitivity [5].  By  increasing  the  inner 
radius  to  0.5”  the  ion  collection  time  at  3  kV  bias  would 
be  reduced  from  560  psec  to  72  psec. 


The  SNS  will  deliver  1014  protons  to  a  liquid  mercury 
target  at  a  rate  of  60  Hz.  The  1  msec  long  H-minus  pulse 
will  be  accelerated  through  the  Linac  to  1  GeV.  It  then  is 
transported  in  the  HEBT  to  the  Ring  where  it  is 
accumulated  in  a  single  695  nsec  proton  bunch  over 
approximately  1000  turns.  The  beam  is  then  extracted  and 
sent  down  the  RTBT  line  to  the  target.  The  Beam  Loss 
Monitor  (BLM)  system  will  utilize  nearly  300  ICs  along 
the  beam  path.  In  the  Ring  and  RTBT  the  detectors  must 
operate  over  an  intensity  range  of  103.  The  dose  rate  in 
RTBT  even  from  low  percentage  losses  could  be 
significant  due  to  the  short  pulse  length  and  high 


*  Work  performed  under  the  auspices  of  the  U.S.Dept  of  Energy. 


COLLECTION  EFFICIENCY 

Thomson  derived  the  equations  for  the  collection 
efficiency  in  1899,  but  they  have  only  been  solved  for 


d  = 


limited  ranges.  Using  the  “equivalent”  gap  (“d”  above), 
the  parallel  plate  solutions  can  be  applied  to  cylindrical 
geometry.  Boag  and  Wilson[6]  found  a  solution  assuming 
second  and  third  order  polynomials  for  the  ionization 
distributions,  and  steady  state  radiation.  Their  result, 
which  gives  a  good  fit  for  efficiency  >  0.7  is  given  by: 
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/  = 


where: 


z2  _  a  P  dAq 
*  ”  ekxk2  P0  V2 


e  is  the  electron  charge, 

a  is  the  first  Townsend  recombination  coefficient, 
a  =  1  x  KT6  [cm3/sec]  for  Argon 
kj  is  the  electron  mobility  =  1 .8  [cm2/(V-sec)] 
k2  is  the  ion  mobility  =  1 .3  [cm2/(V-sec)] 
q  is  the  ionization  charge  density 


?=4£oLx3x109 

V 

where  Isignai  is  the  current  generated  by  beam  loss  and  v  is 
the  active  volume  of  the  ion  chamber.  For  the  FNAL  IC, 
the  sensitivity  is  70  nA/rad/sec,  for  a  volume  of  110  cm3. 
For  a  1  %  local  loss,  the  dose  rate  is  9.2  kRad/sec  during 
the  Linac  pulse. 


The  collection  efficiency  and  ion  transit  time  are  shown  in 


Figure  1 :  Ion  transit  time  and  collection  efficiency 

This  calculation  is  for  continuous  radiation,  but  Boag[7] 
also  found  a  solution  for  the  pulsed  radiation  when  the 
loss  occurs  in  a  time  short  compared  with  the  ion  transit 
time.  The  application  is  not  clear  in  the  Linac  and  Ring 
where  the  pulse  length  is  comparable  to  the  ion  transit 
time  for  the  FNAL  chamber.  However  for  the  RTBT 
pulse  for  a  1%  local  the  calculation  gives  the  efficiency  as 
21%  for  the  FNAL  IC  and  60%  for  the  new  design. 

THE  NEW  ION  CHAMBER  DESIGN 

Clearly  the  new  design  is  superior  on  paper,  but  careful 
high  voltage  design  would  be  required  due  to  the  smaller 
gap.  Guard  electrodes  were  used  to  divert  leakage  from 
the  HV  electrode  to  ground  and  define  the  active  region. 
Voltage  gradients  have  been  reduced  by  rounding  the 
electrode  ends.  Figure  2  shows  the  new  design.  Two 
prototypes  were  tested  at  BNL.  The  first  was  filled  with 
Nitrogen  at  1  ATM.  A  second  prototype  with  a  higher 
voltage  feedthrough  and  improved  ceramic  and  guard 
rings  was  able  to  hold  4.5  kV  with  1  ATM  Argon. 


Figure  2:  Design  of  new  SNS  ion  chamber. 


TESTS  WITH  BEAM 

An  FNAL  IC  and  Prototype  1  were  installed  after  the 
BNL  200  MeV  Linac.  Figure  3  shows  the  results.  The 
larger  FNAL  IC  signals  were  due  to  the  difference  in 
proximity  to  the  loss  and  the  use  of  Argon  versus 
Nitrogen.  The  wide  scatter  of  points  was  probably  due  to 
beam  motion  since  the  beam  current  did  not  show  this 
variation.  The  reason  positive  bias  is  not  preferred  is 
clear.  Prototype  1  shows  fairly  flat  response. 


Figure  3:  Response  of  FNAL  IC  and  SNS  prototype  IC  to 
200  MeV  Linac  beam.  Approximately  1000  W/m  loss. 


Figures  4a  and  4b  show  the  results  using  the  prototype 
analog  front  end  (AFE)  circuitry  designed  for  SNS[8]. 
The  first  stage  is  a  current  amplifier  with  a  35  kHz  BW 
using  a  Burr-Brown  OPA627BM.  The  slow  ion  transit 
time  can  be  clearly  seen  after  the  pulse  in  Fig  4a.  This 
also  causes  the  gradual  rise  during  the  pulse.  The  “noise” 
during  the  pulse  is  modulation  of  the  beam  to  tailor  the 
stacking  in  the  Booster.  The  signal  from  the  Prototype  ion 
chamber  has  a  much  faster  ion  collection  time,  as 
expected  and  does  not  show  the  rise  during  the  pulse. 
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Figure  4a:  FNAL IC  BNL  Linac  Beam  Test. 


Prototype  1  (Nitrogen)  withBNL  200  MeV 
Linac  Beam  SNS  Prototype  AFE  Circuit 


I _ _ _ Time  [sec] _ j 

Figure  4b:  SNS  Prototype  IC  Linac  Beam  Test 

STATUS 

LND  Inc.  [9]  has  produced  10  units  of  the  new  design 
based  on  BNL  supplied  drawings.  Tests  indicate  that  all 
units  reached  5  kV  without  breakdown  and  appeared  to 
give  the  expected  sensitivity.  A  typical  calibration  scan  is 
shown  in  Figure  5. 
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Figure  5:  Response  of  typical  new  ion  chamber. 


CONCLUSIONS 

A  new  design  ion  chamber  has  been  developed  for  the 
SNS  application  which  provides  significantly  faster  ion 
transit  times  and  can  tolerate  higher  dose  rate  losses  than 
the  FNAL  IC.  Tests  with  beam  confirm  the  calculations. 
In  addition,  the  ail  ceramic  and  metal  construction  is 
likely  to  be  less  susceptible  to  breakage  than  the  glass 
FNAL  chambers.  However,  the  new  chambers  will  be 
about  twice  the  cost  of  the  FNAL  design  and  may  not  be 
justified  in  all  applications.  A  pre-production  run  has 
indicated  that  they  can  be  successfully  manufactured. 
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NEUTRON  SOURCE* 

M.  Kesselman,  C.  Dawson,  G.  Smith,  Brookhaven  National  Laboratory,  Upton  NY  11973,  USA 


Abstract 

The  Beam  Current  Monitor  (BCM)  system  for  the 
Spallation  Neutron  Source  (SNS)  to  be  installed  at  Oak 
Ridge  National  Laboratory  (ORNL)  requires  an  on-line 
calibrator  to  assure  the  system  is  appropriately  scaling 
current.  The  calibration  system  must  be  able  to  handle  the 
current  range  expected  in  the  MEBT,  Linac,  HEBT,  Ring 
and  RTBT.  This  covers  a  dynamic  range  of  35ma  to  50 
amps.  A  10-tum  calibration  winding  has  been  included  in 
all  current  transformers.  This  calibrator  must  provide 
adequate  flexibility  to  assure  the  current  transformers  are 
not  damaged  by  failures  in  the  calibrator  drive  amplifier, 
and  provide  better  than  1%  accuracy  with  a  capability  to 
provide  calibrated  currents  covering  the  dynamic  range. 
This  paper  will  address  the  design  considerations  and 
resulting  design  of  a  suitable  calibrator  for  this  system. 

1  INTRODUCTION 

The  BCM  system  is  designed  as  a  network  attached  PC 
based  instrument.  The  current  sensor  is  a  Bergoz®  FCT 
[1].  It  has  been  specially  customized  for  this  application 
and  includes  a  10-tum  calibration  winding.  This  allows 
the  calibrating  current  to  be  1/10  that  of  the  beam. 

A  calibration  signal  generator  is  included  to  permit  the 
measurement  of  a  known  current  prior  to  each  beam 
cycle.  This  is  necessary  to  insure  that  the  scale  and 
transformer  droop  are  known  accurately  enough  to 
maintain  the  1%  system  accuracy. 

A  large  dynamic  range  is  required  for  the  accumulator 
Ring  and  RTBT  where  beam  currents  can  reach  50  Amps. 
The  MEBT,  Linac  and  HEBT  will  only  have  50ma  peak 
beams.  To  satisfy  the  MEBT,  Linac  and  HEBT 
requirement,  a  low  current  calibrator  will  be  provided.  In 
the  Ring  and  RTBT  the  same  low  current  calibrator  will 
be  installed  but  will  be  connected  to  a  high  current  driver 
with  two  additional  current  ranges.  This  approach  then, 
uses  the  low  current  calibrator  to  drive  a  high  current 
driver  housed  in  the  drive  bay  space  in  the  PC  for  the 
systems  being  used  for  the  Ring  and  RTBT. 

2  TECHNIQUE 

To  meet  the  demand  of  an  adjustable  current  source, 
capable  of  high  accuracy  and  stability,  a  current  output 
DAC2902  has  been  selected  as  the  basic  element.  This 
provides  a  well-controlled  dual  current  source  suitable  for 


♦Work  performed  under  the  auspices  of  the  U.S.  Department  of  Energy. 
SNS  is  managed  by  UT-Battelle,  LLC,  under  contract  DE-AC05- 
OOOR22725  for  the  U.S.  Department  of  Energy.  SNS  is  a  partnership  of 
six  national  laboratories:  Argonne,  Brookhaven,  Jefferson,  Lawrence 
Berkeley,  Los  Alamos,  and  Oak  Ridge 


the  two  channels  included  in  the  PC  chassis.  The  DAC  is 
to  be  preceded  by  a  memory  that  can  be  loaded  from  the 
higher-level  application  program  and  so  act  as  a  function 
generator  that  can  provide  a  wide  selection  of  calibration 
waveforms.  The  DAC2902  can  deliver  up  to  20ma  into  a 
50  Ohm  load.  For  most  applications  as  a  calibrator, 
however,  it  is  intended  to  run  a  5ma,  400  usee  pulse.  This 
is  equivalent  to  a  50ma  beam  current  due  to  the  10-tum 
calibration  winding  in  the  SNS  transformers. 

2. 1  Special  Considerations 

A  number  of  design  features  have  been  included  to 
assure  flexibility  and  safe  operation: 

•  Ground  isolated  calibration  output. 

•  Current  limiting  and  fuse  protection  to  assure  there 
can  be  no  damage  to  the  transformer  in  the  event 
of  DAC/driver  failure. 

•  Transmission  line  AC  source  termination  to  avoid 
reflections  due  to  mismatch  at  the  transformer  end 
and  high  impedance  current  source  end. 

•  Opto-isolated  digital  interface  and  isolated  power 
supplies  to  maintain  galvanic  isolation. 

•  Memory  driven  waveform  to  provide  flexibility. 

•  DC  fused  protection  to  protect  the  transformer 
winding  against  catastrophic  driver  failures. 

•  Careful  attention  to  cabling  and  shielding  to  avoid 
ground  loops  and  shield  against  pick-up  on  the 
calibration  winding  cabling. 

2.2  Prototype  efforts 

To  test  the  concepts  described  above,  an  evaluation 
board  was  obtained  from  Texas  Instruments  for  the 
DAC2902.  Space  available  for  additional  components 
was  used  to  create  a  simple  clocking  system  to  enter  a 
fixed  digital  value  followed  by  a  zero  value,  thus  creating 
a  pulse.  This  was  accomplished  using  a  555  timer  IC.  All 
digital  triggering  and  power  was  isolated  from  ground  to 
avoid  ground  loops.  The  DC  capability  was  implemented 
by  inhibiting  the  clock  that  would  return  the  DAC  to  zero. 
The  output  current  was  measured  by  an  Agilent  345 8 A  8- 
1/2  digit  Digital  Multi-meter.  In  this  way  a  5ma  current 
was  easily  set  digitally. 

The  pulse  obtained  from  the  DAC2902  was  isolated 
from  the  transformer  by  a  50  Ohm  protection  resistor,  and 
AC  terminated  at  the  source  (0.1  pF  and  82  Ohm)  to  match 
a  78  Ohm  Twinax  cable  (Belden  9463).  The  cable  was 
500  feet  long  to  simulate  estimated  wiring  and 
measurements  performed  on  the  transformer  output.  By 
adjusting  the  pulse  width  to  400  ps,  adequate  pulse  time 
was  available  to  permit  transients,  due  to  the  AC  coupled 
termination,  to  settle  and  computation  of  transformer 
droop  time  constant  and  gain  to  be  performed.  The 
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transformer  droop  is  compensated  by  a  special 
compensation  filter  described  in  reference  [2].  This  is 
necessary  for  proper  calibration  since  the  FCT  has  a  droop 
near  0.1  %/ps. 

The  original  prototype  housed  the  calibrator  in  the  main 
section  of  the  PC  chassis,  where  space  permitted.  The 
final  version  is  expected  to  devote  one  drive  bay  for  this 
calibrator. 


4Spf 


Figure  1:  Breadboard  of  the  Improved  Howland  Current 
Pump. 


3  DRIVER 

The  prototype  described  above  provides  adequate 
current  for  the  MEBT,  Linac  and  HEBT  transformers.  To 
achieve  the  currents  required  to  calibrate  the  Ring  and 
RTBT  transformers,  where  actual  beam  currents  will 
accumulate  up  to  50  Amps,  a  current  amplifier/driver  will 
be  provided. 

A  circuit  has  been  designed  using  an  APEX  PA19A 
Video  Power  Operational  Amplifier  configured  in  an 
“Improved  Howland  Current  Pump”[3]  as  in  figure  1. 
This  circuit  has  been  breadboarded  and  is  undergoing 
tests.  So  far  it  appears  to  offer  the  rise  time,  stability  and 
the  ability  to  drive  the  cable  lengths  required.  Several 
issues  remain  however.  First  the  circuit  as  shown 
produces  an  output  offset  current  of  around  5  ma.  Such  a 
DC  offset  current  in  the  transformer  core  has  been  shown 
to  produce  slight  errors  in  the  droop  measurements  and  so 
may  need  to  be  carefully  zeroed.  This  might  be 
adequately  accomplished  with  a  pot  on  the  board  but  then 
over  time  there  is  no  way  to  know  if  the  adjustment  drifts. 
It  could  also  be  zeroed  using  the  DAC  but  some 
additional  means  of  measuring  the  offset  would  need  to  be 
provided  since  it  does  not  pass  through  the  transformer. 
Another  possibility  being  considered  is  to  provide  an  auto 
zero  feedback  in  the  design  to  correct  for  long  term  drift 
in  this  current. 

Second,  the  driver  in  many  cases  needs  to  drive  the 
current  pulse  along  a  Twinax  cable  up  to  100  meters  long. 
The  single  ended  driver  shown  in  Figure  1  is  perfectly 
adequate  on  the  bench,  but  a  single  ended  drive  does  not 


take  advantage  of  all  the  noise  immunity  provided  by  a 
balanced  line.  Noise  pickup  in  the  calibrate  cable,  as  yet 
unknown,  could  cause  significant  problems  in  the 
measurement  of  the  currents  due  to  the  fact  that  it  is 
effectively  multiplied  by  ten  (the  turns  ratio)  in  the 
transformer  output  circuit.  As  a  result  consideration  is 
being  given  to  a  differential  output  version  of  the  current 
pump  circuit  of  Figure  1. 

4  SUMMARY 

A  calibrator  for  the  SNS  BCM  system  is  in  the 
development  phase.  A  prototype  low  current  calibrator 
has  been  built  and  tested.  It  provides  a  DC  capability  for 
calibration  of  the  calibrator,  and  utilizes  a  current  output 
dual  12  bit  DAC2902.  A  driver  amplifier  design  is 
underway  to  use  the  output  of  the  DAC  as  an  input  and 
develop  a  current  of  the  order  of  an  amp.  For  the  final 
product,  a  board  will  be  laid  out  that  contains  the  function 
generator,  the  DAC2902,  timing  and  control  interface 
logic  and  the  necessary  ground  isolation. 
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Abstract 

The  linac  at  the  NSLS  Source  Development  Lab  (SDL) 
provides  a  high  brightness  electron  beam  for  the  DUV-FEL 
project  with  subpicosecond  bunch  length  and  several  hun¬ 
dred  Amperes  peak  current  by  means  of  a  photoinjector  and 
a  magnetic  bunch  compressor.  Previous  diagnostics  of  the 
longitudinal  bunch  dynamics  relied  on  the  rf  zero-phasing 
method  and  measurements  of  CTR  spectra.  In  order  to  have 
a  fast  and  non-intercepting  longitudinal  diagnostic  avail¬ 
able,  the  electro-optic  measurement  technique  has  been  im¬ 
plemented  with  its  major  component,  a  synchronized  100  fs 
Ti:Sapphire  laser  coaligned  with  the  electron  beam,  already 
in  place  as  a  seed  for  the  EEL.  The  theoretical  temporal  res¬ 
olution  for  a  100  um  thick  ZnTe  crystal  is  limited  to  about 
200  fs  and  the  signal  contrast  to  more  than  1%.  We  present 
preliminary  results  of  multi-shot  scanning  measurements 
and  the  single-shot  diagnostics  of  the  bunch  shape  as  well 
as  its  application  as  a  rf-laser  jitter  monitor. 

INTRODUCTION 


ments  of  both  the  temporal  profile  and  the  timing  jitter  be¬ 
tween  electron  beam  and  seed  laser  available. 

ELECTRO-OPTIC  DIAGNOSTIC 

The  experimental  set-up  is  located  between  the  first 
spectrometer  dipole  after  the  accelerator  and  the  modulator 
magnet  of  the  HGHG  experiment,  where  a  temporal  and 
transverse  overlap  of  the  electron  beam  and  the  seed  laser 
can  be  established.  As  shown  in  Fig.  2,  the  electron  beam 
bypasses  the  in-vacuum  mirror  for  the  seed  laser  by  using 
four  trim  coils.  A  motor-controlled  mount  holds  both  the 
ZnTe  crystal  with  the  out-coupling  mirror  behind  as  well  as 
a  YAG  screen  (not  shown).  Depending  on  the  mount’s  po¬ 
sition,  either  the  ZnTe  crystal  intercepts  the  laser  with  the 
electron  beam  passing  by,  or  both  the  laser  and  the  elec¬ 
tron  beam  can  be  observed  with  a  CCD  camera  imaging  the 
YAG  crystal.  The  seed  laser  and  the  Coulomb  field  of  the 
electron  beam  at  the  ZnTe-crystal’s  location  are  horizon¬ 
tally  polarized.  For  a  (110) -cut  crystal  with  the  [001] -axis 
oriented  vertically,  the  induced  phase  change  is 


The  DUV-FEL  accelerator  fl]  consists  of  a  photo¬ 
injector,  four  SLAC-type  accelerating  structures  for  up 
to  200  MeV  beam  energy,  a  magnetic  chicane  after  the 
second  linac  tank  compressing  the  beam  to  several  hun¬ 
dred  femtoseconds,  and  two  undulators,  a  short  modula¬ 
tor  and  NISUS,  for  self  amplified  spontaneous  emission 
(SASE)  and  high  gain  harmonic  generation  (HGHG)  ex¬ 
periments.  The  frequency  tripled  Ti:Sapphire  laser  for  the 
photo-cathode  generates  several  hundred  pC  of  charge  at  a 
repetition  rate  of  up  to  10  Hz.  A  small  fraction  of  the  fun¬ 
damental  serves  as  a  seed  for  the  HGHG  experiment.  The 
bunch  length  of  the  electron  beam  is  regularly  determined 
using  a  zero-phasing  method  [2],  i.e.  accelerating  the  beam 
with  the  last  linac  tank  90°  off  crest  and  measuring  the  en¬ 
ergy  spectrum  with  a  magnet  spectrometer.  However,  the 
observed  spikes  in  the  temporal  distribution  cannot  unam¬ 
biguously  be  attributed  to  the  time  or  energy  domain  with 
this  method.  Therefore,  as  a  method  based  fully  in  the  time 
domain,  an  electro-optic  detection  scheme  [3,  4]  has  been 
installed,  which  is  nondestructive  and  provides  single-shot 
measurements  to  obtain  the  bunch  shape.  The  induced  bire¬ 
fringence  in  a  ZnTe  crystal  from  the  Coulomb  field  of  the 
electron  beam  is  probed  with  the  seed  laser,  which  is  syn¬ 
chronized  with  the  electron  beam,  thus  making  measure- 
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with  crystal  length  l  =  500  /xm,  wavelength  A  =  800  nm, 
refractive  index  nQ  =  2.853,  dielectric  constant  e  = 
10.1,  and  electro-optic  coefficient  r4i  =  4.04  pm/V.  The 
Coulomb  field  at  distance  r  is 
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Figure  1:  Time  profile  of  the  compressed  electron  beam 
using  zero-phasing  method.  The  two  profiles  are  taken  with 
+90  0  and  -90  °  phase  in  the  last  linac  tank. 
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Figure  2:  Setup  of  the  electro-optical  bunch  length  measurement  placed  in  the  section  of  the  DUV-FEL  accelerator 
between  the  last  accelerating  tank  on  the  right  and  the  HGHG  modulator  on  the  left. 
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with  the  time  dependent  beam  current  I.  The  phase  change 
is  detected  with  a  A/4  plate  as  compensator  and  an  analyzer 
cube,  whose  transmitted  and  reflected  beams  are  either  fo¬ 
cused  into  a  pair  of  photodiodes  for  the  multi-shot  experi¬ 
ment  or  into  a  pair  of  fibers  and  eventually  a  monochroma¬ 
tor  with  CCD  array  for  the  single-shot  set-up  [5].  With  the 
compensator  set  to  balanced  intensities,  the  asymmetry  of 
the  integrated  photodiode  signals  or  the  spectra  becomes 


i  =  F+7  =  sin^  +  ^  ’ 

+  or 

and  (p0  accounting  for  any  residual  birefringence. 


(3) 


SCANNING  EXPERIMENT 

The  accelerator  and  seed  laser  were  operated  at  their 
usual  settings  for  the  HGHG  experiment  with  177MeV 
beam  energy,  a  bunch  charge  of  290  pC,  and  the  seed  laser 
chirped  to  5.9  ps  (FWHM)  for  good  overlap  with  the  1  ps 
long  electron  bunches.  The  amplified  difference  signal  of 


Figure  3:  Electric  field  at  maximum  temporal  overlap  for 
different  laser-electron  beam  distance  with  theoretical  cal¬ 
culation  as  solid  line. 


the  photodiodes  was  averaged  over  50  bunches  for  each 
data  point,  whereas  the  sum  signal  was  measured  only 
once.  To  eliminate  electrical  noise  and  background  from 
electrons  hitting  the  crystal,  data  was  also  taken  with  ei¬ 
ther  the  seed  laser  or  the  electron  beam  blocked.  Figure  3 
shows  the  effective  electric  field  calculated  from  the  signal 
asymmetry  using  Eq.  (1)  for  different  separations  of  laser 
and  electron  beam.  Note  that  the  obtained  Coulomb  field 
is  reduced,  since  it  is  averaged  over  the  much  longer  laser 
pulses.  The  solid  curve  shows  Eq.  (2)  convoluted  with  the 
measured  rms  beam  sizes  of  300  /zm  and  600  fim  for  elec¬ 
tron  beam  and  laser,  respectively.  To  fit  the  data  points,  the 
charge  was  assumed  to  be  230  pC,  which  is  not  far  less  than 
the  290  pC  measured  in  the  Faraday  cup. 


Time  fos) 

Figure  4:  Electric  field  for  different  laser-electron  beam  de¬ 
lay  with  solid  line  as  theoretical  model. 

A  scan  of  the  seed  laser  delay  relative  to  the  electron 
beam  is  shown  in  Figure  4.  The  main  peak  has  a  FWHM 
of  6.7  ps  which  is  slightly  longer  than  the  laser  pulse.  The 
solid  curve  is  a  corresponding  gaussian  distribution  with 
satellites  after  multiples  of  10  ps  added,  which  is  the  round- 
trip  time  of  THz  waves  in  the  ZnTe  crystal.  The  peak  height 
of  the  satellites  is  larger  than  expected  which  indicates  the 
presence  of  trailing  wake  fields.  No  electric  field  ahead  of 
the  bunch  could  be  observed. 
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SINGLE-SHOT  EXPERIMENT 

The  raw  spectra,  with  and  without  electron  beam,  from 
the  two  multi-mode  fibers  carrying  the  transmitted  and  re¬ 
flected  beams  from  the  analyzer  cube,  are  shown  in  Fig.  5. 
Both  reference  spectra  differ  significantly  from  each  other 
and  their  difference  varies  with  the  compensator  orienta¬ 
tion.  This  indicates  a  large  wavelength  dependent  intrinsic 
birefringence,  which  partly  is  stress  induced  in  the  ZnTe 
crystal  and  partly  may  originate  from  a  crystalline  quartz 
vacuum  window.  The  static  phase  is  determined  from  the 
asymmetry  of  the  reference  spectra  without  electron  beam 
and  subtracted  from  the  phase  including  the  electro-optic 
signal.  The  resulting  current  profile  using  Eqs.  (1,2)  is 
shown  in  Fig.  6  with  a  delay  difference  of  1.67,ps  be¬ 
tween  the  upper  and  lower  part.  The  wavelength  shift  in 
the  signal  peak  was  used  to  obtain  the  time  calibration  to 
T)  —  (1.25  ±  0.2)  nm/ps  which  is  close  to  the  chirp  in  the 
seed  laser  of  1.15  nm/ps.  The  data  in  the  lower  part  of 
the  figure  exhibits  the  expected  single-sided  shape  of  the 
Coulomb  field,  whereas  each  of  the  data  in  the  upper  part 
contains  an  additional  pre-  and  post-pulse,  which  is  not  yet 
understood.  Therefore,  the  following  discussion  only  refers 
to  the  first  set  of  data. 

Considering  the  temporal  resolution  of  the  electro-optic 
set-up,  the  rms  pulse  width  of  this  measurement  of  (730  ± 
75)  fs  can  be  compared  with  the  bunch  length  of  (625  ± 
50)  fs  obtained  with  the  zero-phasing  method,  which  has  a 
resolution  of  tens  of  femtoseconds.  The  individual  FWHM 
contributions  for  the  the  electro-optic  method  are  the  in¬ 
trinsic  duration  of  the  Coulomb  field  in  2.1  mm  distance  of 
rr  —  r/  (7 c)  =  20  fs,  the  coherence  frequency  for  the  THz 
waves  in  the  500  n m  thick  ZnTe  crystal  of  /coh  =  2.8  THz 
which  corresponds  to  a  coherence  time  of  rco h  =  210  fs, 
the  resolution  due  to  the  chirped  detection  scheme  [5]  of 
T] bw  =  VTt0  =  700  fs  with  chirped  and  unchirped  length 
of  T  =  5.2  ps  and  tq  —  130  fs,  and  the  spectrometer  reso¬ 
lution  r\  —  AA/77  — - 190  fs.  This  combines  to  a  rms  reso- 
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Figure  5:  Raw  spectra  of  transmitted  (green)  and  reflected 
(blue)  light.  The  thick  curves  are  the  reference  data  without 
beam,  the  thin  curves  single-shot  spectra  with  beam. 


lution  of  320  fs.  When  applied  to  the  bunch  length  from  the 
zero-phasing  method,  this  results  in  an  expected  rms  length 
of  725  fs  for  the  electro-optic  signal,  which  is  within  the 
fluctuations  of  the  actual  measured  length.  The  charge  can 
be  calculated  to  (180  ±  35)  pC  compared  to  (290  ±  15)  pC 
from  the  Faraday  cup. 


Time  (ps) 

Figure  6:  Single-shot  electron  beam  current  distribution 
with  1.67  ps  different  delay  between  upper  and  lower  part. 
The  shaded  area  represents  the  noise  level  from  spectra 
without  beam. 

The  single-shot  electro-optic  method  also  enables  a  mea¬ 
surement  of  the  timing  jitter  between  laser  and  electron 
beam  since  the  jitter  is  decoupled  from  the  bunch  length. 
The  jitter  obtained  is  170  fs  rms  which  is  of  the  order  of  the 
200  fs  jitter  measured  between  the  Ti:Sapphire  laser  oscil¬ 
lator  and  the  low  level  RF  system. 

SUMMARY 

A  nonintercepting  single-shot  electro-optic  bunch  length 
measurement  has  been  installed  at  the  DUVFEL  accelera¬ 
tor  and  successfully  demonstrated  results  which  agree  with 
theory  and  with  results  obtained  by  zero-phasing. 
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Abstract 

New  beam  lines  are  presently  under  construction  for 
ELSA,  a  18  MeV  electron  linac  located  at  Bruyeres-Le- 
Chatel.  These  lines  need  a  beam  position  measurement 
system  filling  the  following  requirements  :  small  space 
occupancy,  good  sensitivity,  wide  dynamic  range  (more 
than  90  dB),  high  noise  immunity,  single-bunch/multi- 
bunch  capability.  We  designed  a  compact  4-stripline 
sensor,  and  an  electronic  treatment  chain  based  on  log- 
amplifiers.  This  paper  presents  the  design,  cold  and  hot 
test  results. 

INTRODUCTION 

The  ELSA  facility  [1]  was  designed  in  the  late  80's  as  a 
test  bench  for  high-power  FEL  physics  and  technology.  It 
is  now  mainly  used  as  a  versatile  1-18  MeV  electron 
source  or  as  a  picosecond  hard  X-ray  source.  In  response 
to  this  shift  in  the  user's  needs,  dedicated  beamlines  are 
under  construction  in  a  new  experimental  area  [2]. 

In  1988,  during  design  stage,  two  types  of  diagnostics 
were  chosen  for  transverse  beam  monitoring  : 

•  thin  OTR  screens  (300  nm  A1  on  8  pm  kapton  film) 

•  button-type  or  stripline  (depending  on  available 
space)  BPMs 

Subsequent  ELSA  operation  showed  the  limits  of  these 
diagnostics : 

•  OTR  screens  allow  precise  measurement  of  the 
transverse  profile,  but  are  not  very  sensitive.  They 
were  replaced  by  two-screen  systems  (like  the  one 
described  below  on  fig.  1)  with  an  OTR  screen  and  a 
scintillator  screen  (Cr:Al203  deposited  on  a  thin  film). 

•  the  button  BPMs  (10  mm  in  diameter  capacitive 
pickups)  are  not  sensitive  enough 

•  the  BPM  electronic  treatment  chain  is  not  reliable 
enough  and  was  specifically  designed  for  FEL 
operation.  Therefore,  it  can  be  used  only  for  14.44 
MHz  (and  14.44  MHz/n)  rep-rate  train  of  bunches. 

THE  ELSA-2  COMBINED  STATION 

For  these  reasons,  it  was  decided  to  design  a  new 
diagnostic  station  (fig.  1  et  2)  with  the  following 
constraints: 

•  all-in-one  OTR/scintillator/BPM  station  to  save  space 
and  allow  easy  comparison  of  OTR  and  BPM  data 

•  simpledesign 

•  high  sensitivity  BPM 


email :  philippe.guimbal@cea.ff 


•  high  dynamic  range  electronics,  compatible  with 
every  macropulse  structure  of  the  beam,  which  means 
any  sub-pattern  extracted  from  a  144  MHz  train. 

•  a  length  equal  to  a  standart  6-way  tee  (164  mm) 


Fig.  1.  Schematic  drawing  of  the  new  diagnostic  station 
combining  two  screens  (OTR  and  scintillator)  and  a  4- 
stripline  BPM  :  transverse  view,  showing  the  screens. 
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Fig,  2.  Longitudinal  view,  showing  the  stripline  ports. 

For  the  BPM  electronics  (see  details  below),  we  chose  a 
central  frequency  of  288.89  MHz.  The  corresponding 
wavelength  (about  1  meter)  is  much  longer  than  the 
stripline.  In  this  case,  the  sensitivity  grows  with  the 
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stripline  length.  For  that  reason,  we  chose  to  house  the 
SMA  sockets  in  the  flanges.  This  symmetrical  design  also 
offers  the  opportunity  to  get  a  good  impedance  matching 
(see  figure  3)  by  putting  an  external  50  Q  load  at  the 
downstream  port. 


Frequency  (MHz) 

Fig.  3.  Measurements  show  a  good  impedance  matching 
of  the  BPM  at  the  working  frequency  (better  than  30  dB 
return  loss). 

Compatibility  between  the  screen  holder  movement  and 
the  strips  limits  the  subtended  angle  of  the  strips  to 
slightly  less  than  45°,  and  imposes  their  locations  at  45° 
of  the  horizontal  and  vertical  axis.  Numerization  and 
post-processing  of  the  position  data  will  translate  these 
data  in  the  X  et  Y  axis,  in  accordance  with  the 
implementation  of  the  ELSA  steerers  and  quadrupoles. 

BPM  ELECTRONICS 

Because  of  the  wide  variety  of  beam  energy,  current  and 
transverse  dimension  and  the  wide  variety  of 
requirements  for  the  realtime  bandwith,  numerous 
schemes  have  been  proposed  for  BPM  electronics  in  the 
last  decades  [3]. 

Early  stage  design  was  strongly  influenced  by  the  arrival 
on  market  of  inexpensive  high  performance  log 
amplifiers,  offering  100  dB  dynamic  range  and  500  MHz 
input  bandwidth. 

Our  requirements  were  : 

•  a  macropulse  current  between  1  and  100  mA 

•  a  position  sensitivity  of  100  pm  (stripline  radius  R=27 
mm) 

•  no  calibration  required  after  an  initial  check 

•  very  simple  design. 

These  requirements  already  imply  a  dynamic  range  of 
more  than  80  dB  : 

•  40  dB  for  the  current  range 

•  40  dB  for  the  0.1  mm  resolution  (to  first  order  :  A/Z=2 
Ax/R) 


11MHz  p 

Fig.  4.  Scheme  of  the  electronics  of  one  of  the  two 
channels  of  an  ELSA-2  BPM. 


amplifier  (source  Analog  Devices). 

As  seen  on  figure  4,  the  actual  scheme  is  very  simple  : 

•  signals  issued  from  two  opposite  striplines  are  carried 
along  two  equal-length  semi-rigid  short  cables 

•  a  hybrid  2/A  circuit  creates  the  sum  and  difference, 
followed  by  a  20  dB  attenuator  on  2  channel 

•  a  narrow-band  filter  at  289  ±5  MHz  samples  a  single 
harmonic  of  the  signal. 

•  it  is  followed  by  a  resonant  impedance  matching  filter 
for  adaptation  of  the  50Q  line  to  the  1  kL>  input  of  the 
log  amplifier  (giving  an  extra  +13  dB  gain) 

•  an  AD8306  limiting-logarithmic  amplifier  (fig.  5) 
gives  two  outputs  :  the  logarithm  of  the  envelope  with 
a  slope  of  20  mV/dB  (video  bandwith  of  5  MHz)  and 
a  limiter  output 

•  l°g(A)  and  log(2)  signals  are  treated  analogically  to 
extract  current  and  position  informations 

•  limiter  outputs  of  the  A  and  2  channels  are  phase- 
compared  to  tell  on  which  side  of  the  center  the  beam 
actually  is. 

The  4  channels  of  a  BPM  are  packed  on  a  70x100  mm2 
electronic  board  (cf.  figure  6)  whose  design  must  be  very 
careful  from  a  EMC  point  of  view,  not  to  reduce  the 
dynamic  range  and  log  conformance  (cross-talk  between 
channels  put  less  contraint  than  these  two  points).  A  box 
in  the  accelerator  room  includes  two  such  circuits  (one 
for  each  transverse  direction).  The  box  is  close  to  the  strip 
line  in  order  to  avoid  degrading  the  signal  to  noise  ratio 
of  the  A/2  signals. 
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Fig.  6.  Top  view  of  the  main  circuit  board 


BPM  TESTS 

Electronic  board  tests  on  bench 


-120  -100  -80  -60  -40  -20  0  20 
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Fig.  7.  Log  response  of  the  main  board. 

The  slope  is  20  dB/m 

Measurement  of  the  log  output  is  very  close  to  the 
AD8306  datasheet.  The  useful  dynamic  is  more  than  95 
dB  and  the  log  conformance  (lower  part  of  fig.  7)  shows  a 


peak-peak  deviation  slightly  above  1  dB  on  a  80  dB 
range.  Such  a  performance  requires  a  veiy  high  attention 
paid  on  the  printed  circuit  layout. 

BPM  tests  on  ELSA 


Fig.  8.  Response  of  a  2  channel,  on  ELSA.  The 
macropulse  is  20  ps  long.  Vertical  scale  is  in  Volts,  10 
mV/dB  (half  the  value  of  the  AD8306  slope,  because  of 
the  50  Q  termination  on  scope). 

First  tests  on  ELSA  (cf.  figure  8)  showed  a  BPM 
sensitivity  more  than  10  dB  above  the  1990  stripline 
design  and  a  minimum  current  around  0.5  mA  for  the 
desired  position  precision  of  0.1  mm,  with  a  real-time 
bandwidth  of  3  MHz. 
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Abstract 

The  CERN  AD  Low-Intensity  Beam  Multi-Diagnostics 
(LIMD)  has  been  upgraded  as  planned  since  2001  by 
adding  tune  measurements  during  ramps  and  plateaus, 
based  on  the  Beam  Transfer  Function  (BTF)  method.  This 
relies  on  transversally  exciting  the  beam  by  a  deflector 
and  deriving  the  BTF  and  coherence  function  from  FFTs 
of  excitation  and  beam  response  recorded  by  digital 
receivers  (DRX).  These,  continuously  tuned  to  a  betatron 
sideband,  pass  data  to  a  digital  signal  processor  (DSP)  on 
the  DRX  board  for  data  processing.  The  upgrades 
discussed  also  include  increased  longitudinal  frequency 
range,  noise  reduction  measures  and  digital  flags  for  setup 
of  Data  Acquisition  (DAQ)  and  processing  parameters. 

INTRODUCTION 

The  Antiproton  Decelerator  (AD)  has  been  successfully 
operating  for  over  two  years  [1],  LIMD  [2,3]  has  been 
instrumental  in  the  various  phases  of  AD  operation.  It  was 
recently  upgraded  to  include  tune  measurement,  and  to 
improve  its  performance  by  abating  parasitic  noise  from 
cables  and  by  extending  the  frequency  range  covered. 


HARDWARE  UPGRADES 

Figure  1  is  a  simplified  description  of  the  system;  many 
details  described  in  [2,3]  are  omitted  but  all  the  upgrades 
are  indicated.  Both  NIM  and  VME  crates  are  located  in 
the  AD  control  room,  some  distance  from  the  actual  Pick- 
Ups  (PU)  in  the  AD  Ring  Hall.  The  new  components, 
indicated  by  a  red  line,  are  labelled  (a)  through  (g).  The 
Low  Frequency  Longitudinal  PU  (a)  (LPULF)  expands 
the  detectable  frequency  range,  in  conjunction  to  the 
original  High  Frequency  PU,  LPUHF.  The  LPULF’ s 
response  bandwidth  is  between  0.02  and  3  MHz;  its 
lowest  noise  level  is  2  pA/Hz'/2  in  the  0.1-1  MHz  range. 
The  outputs  of  the  2  LPUs  are  low-pass  and  high-pass 
filtered,  respectively,  and  combined  by  the  Summing  Unit 
SU  (b)  to  give  a  flat  frequency  response  over  the  (0.02  - 
30)  MHz  bandwidth.  Both  LPUs  are  connected  to  the  SU 
by  a  100  m-long,  low-attenuation,  doubly  shielded  coaxial 
cable  (c),  to  minimize  parasitic  noise.  The  Cooling  Status 
Unit  CSU  (d)  is  an  in-house  board  translating  the 
stochastic/electron  cooling  voltages  into  digital  values 
specifying  the  cooling  status  (ON/OFF).  This  information 


LPU  LF  LPU  HF  TPU  H  TPU  V 


Figure  1:  The  LIMD  system  -  upgrades  are  shown  in  red.  Keys:  SC  -  Stochastic  Cooling,  EC  -  Electron  Cooling,  PU  - 
Pick-Up,  TPU  -  Transverse  PU,  LPU  -  Longitudinal  PU,  LF  -  Low  Frequency,  HF  -  High  Frequency,  TS  -  Timing 
System,  RFS  -  Radio  Frequency  System,  SU  -  Summing  Unit,  DRX  -  Digital  Receiver  Board,  VGAF  -  Variable-Gain 
Amplifier  &  Filter,  CSU  —  Cooling  Status  Unit,  MG  —  M-shaped  Noise  Generator,  FG  -  Frequency  Generator,  WS  — 
Workstation. 


#  Now  with  TERMA  A/S,  Radar  Systems,  8520  Lystmp,  Denmark 


is  used  for  the  proper  setup  of  DAQ  and  processing 
parameters  by  the  Real  Time  Task  RTT  [2].  The 
horizontal  and  vertical  (TPUH/V)  transversal  PUs  (e). 
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now  operational,  are  devoted  to  tune  measurement  by  the 
BTF  method.  They  are  electrostatic  devices,  resonant  at 
5.6  MHz,  with  a  low  noise  of  1  pA/Hz*  between  5.3  and 
6.2  MHz  [4].  The  noise  generator  MG  (f)  produces  the 
analogue  excitation  used  for  BTF  measurements.  It  is  an 
in-house  board  that  generates  an  analogue  band-limited 
M-shaped  noise  signal  by  filtering  the  output  of  a  white 


Frequency  f 


Figure  2:  Power  Spectral  Density  PSD  vs.  frequency  f 
plot  for  the  M-shaped  BTF  excitation  signal.  Keys:  fc  - 
central  frequency,  8f  -  bandwidth,  Wc  -  central  power 
density  level,  8W  -  shoulder  height  increase. 


SOFTWARE  AND  METHODS 

Longitudinal  DAQ  and  processing  were  discussed  in 
[2,3]  thus  only  upgrades  are  described  here;  transverse 
data  are  detailed  for  the  first  time. 

Longitudinal  Data  Software 

The  RTT  running  on  the  PowerPC  (Figure  1)  has  been 
upgraded  to  include  the  readout  from  the  CSU  board  and 
the  corresponding  action.  The  CSU  output  is  used  to 
adapt  the  observation  window  during  plateaus  to  the  beam 
width,  which  decreases  considerably  owing  to  cooling 
actions  (electron/stochastic),  thus  maintaining  sufficient 
resolution  in  the  computation  of  the  momentum  spread 
Ap/p  in  each  plateau.  For  each  plateau,  the  user  can  select 
two  different  observation  windows  and  the  threshold, 
expressed  as  percentage  of  the  cooling  length,  where  the 
window  width  has  to  be  changed. 

Figure  3  plots  the  number  of  circulating  particles  Np, 
Ap/p  and  f^y  over  a  whole  typical  AD  cycle.  The  LPULF 
upgrade  has  improved  the  quality  of  Np  data  while  the 
doubly  shielded  cabling  has  lowered  the  noise  level, 
hence  the  fluctuations  in  Np  data  during  plateaus. 


1°  20  30  40  50  60  70 

Time  during  cycle,  t  [s] 


Figure  3:  Number  of  particles,  revolution  frequency  and  momentum  spread  obtained  by  LIMD  during  an  AD  cycle. 


noise  diode.  The  board  receives  as  inputs  a  constant- 
frequency  (fT)  sinewave  from  a  signal  generator  (g)  and 
the  central  frequency  fc  =  a-f^y  (Figure  2)  from  the 
Frequency  Generator  FG.  Thus  fc  tracks  the  revolution 
frequency  f^y  as  it  varies  on  the  ramps.  Actually  fc,  a 
good  initial  guess  of  a  given  betatron  frequency  (see  BTF 
Method ),  is  chosen  so  as  to  reside  in  the  TPU  low-noise 
region;  typically  the  n=4  harmonic  is  used  in  the  first 
ramp.  Both  a  (hence  fc)  and  the  M  signal  bandwidth  8f, 
as  well  as  the  M  shoulder  height  increase  SW  are  user- 
selected  via  software.  For  8f  =  0.1-fT/(2m),  the  integer  m  = 
0,  1...7  is  user-selected,  while  8W  is  varied  among  -8,  -14, 
-20  and  -25  dB.  The  central  power  density  Wc  is  constant 
at  -52  dBm/Hz,  thus  changing  8W  varies  the  shoulder 
height  Wc  +  8W.  The  Variable-Gain  Amplifier  and  Filter 
(VGAF)  applies  an  additional  multiplier  to  the  M-shaped 
noise  from  MG. 


Consequently  also  Ap/p  values,  that  are  linked  to  Np  data, 
are  more  reliable.  In  plateaus  three  and  four  between  40 
and  65  s  of  the  AD  cycle,  Np  takes  large  values;  this  is  an 
artefact,  likely  caused  by  coherent  instabilities  or  noise 
from  RF  cavities  filtered  through  the  longitudinal  BTF. 
This  will  be  investigated  in  the  upcoming  campaign. 
Finally,  the  apparently  constant  Ap/p  in  the  first  plateau  is 
due  to  the  first  observation  window  bandwidth,  which  had 
been  left  rather  large  to  measure  correctly  Np  at  injection. 

Intensity  (Np)  Calibration 

A  particular  effort  was  devoted  to  the  intensity 
calibration;  a  crucial  task  since  absolute  overall  RF  gains 
are  difficult  to  obtain  to  better  than  ±2  dB.  The  calibration 
of  the  intensity,  expressed  by  Np,  is  made  at  ejection 
against  a  single  pass  charge  measurement  in  a  calibrated 
beam  transformer  recently  installed  in  the  ejection  line. 
This  approach  is  convenient  since  it  is  always  available 
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during  routine  operation.  The  bunched  beam  intensity 
measured  by  LIMD  just  before  ejection  (Figure  3)  is 
compared  with  the  extracted  beam  intensity  and  is  used 
for  calibration  assuming  a  lossless  extraction.  The 
calibration  factor  obtained  is  used  at  other  f^y  on  ramps 
assuming  the  gains  of  all  elements  in  the  DAQ  chain  are 
frequency-independent.  This  condition  is  satisfied  to  ±0.2 
dB  from  0. 174  MHz  to  16  MHz. 

LIMD  may  also  be  calibrated  with  protons  on  1000- 
fold  higher  Np  values,  which  are  measured  by  a  calibrated 
DC  beam  current  transformer.  This  is  impractical,  as  it 
requires  complex  operations  and  dedicated  machine  time; 
it  is  therefore  scheduled  only  once,  typically  at  startup. 

BTF  Method  on  Transverse  Data 

At  typical  AD  pbar  intensities  and  low  momentum, 
transverse  Schottky  signals  are  too  low  to  produce  a 
useful  S/N  ratio.  The  tune  is  then  measured  by  a  variation 
of  the  BTF  method  [5].  Our  implementation  involves 
exciting  the  beam  with  a  band-limited  M-shaped  noise,  by 
means  of  a  transverse  damper  deflector,  and  recording  the 
deflector  excitation  and  the  transverse  beam  response. 
These  are  then  FFT-processed  to  yield  the  tune.  In  this 
way  it  is  possible  to  measure  tunes  at  lower  intensities 
and  during  the  ramps,  by  keeping  the  sampling  frequency 
fs  equal  to  a  multiple  of  fREv-  The  M-shaped  excitation  is 
chosen  so  as  to  minimise  transverse  beam  blow-up,  by 
setting  fc  very  close  to  a  betatron  frequency.  The  beam 
response  is  measured  by  the  TPUs,  located  very  close  to 
the  beam  ejection  point  and  about  3ti/2  away  (clockwise 
i.e.  for  antiprotons)  from  the  transverse  deflectors.  This 
method  was  tested  prior  to  its  implementation,  on  plateaus 
only;  preliminary  feasibility  results  are  given  in  [4].  The 
LIMD  BTF  replaces  a  swept  BTF  technique  that  was 
slow,  would  only  work  on  plateaus  and  was  only  used 
during  the  start-up  phase. 

The  user  may  select  up  to  10  BTF  measurements  on  a 
given  AD  cycle  but  only  one  deflector,  either  horizontal 
or  vertical.  The  user  selects  the  number  of  averages  the 
DSP  performs,  the  observation  window  and  its  centre  via 
the  RTT.  This  also  selects  the  observation  harmonic  and 
sign  so  that  the  measurement  falls  into  the  low-noise 
region  of  the  TPU.  To  avoid  exciting  unnecessarily  the 
beam,  the  RTT  turns  off  the  excitation  when  the  data 
acquisition  is  completed.  BTF  phase  and  magnitude,  as 
well  as  the  coherence  function  are  made  available  to  the 
user,  together  with  PSD  of  both  beam  and  M  noise.  The 
first  three  contain  the  information  needed  to  determine  the 
beam  tune,  which  corresponds  to  the  centre  of  the  it  phase 
shift  (Figure  4).  The  coherence  function  may  indicate 
correlation,  or  lack  of,  between  excitation  and  beam 
response,  with  a  value  of  1  for  perfect  correlation  and 
zero  for  totally  unrelated  data.  The  BTF  data  are  judged 
acceptable  for  coherence  values  close  to  1.  The  TPUH 
data  in  Figure  4  are  5  averages  of  overlapping  FFTs  at  the 
beginning  of  the  second  ramp,  with  fREv  starting  at  1.4979 
MHz,  on  the  slow  wave  sideband  and  4th  harmonic.  From 
a  fractional  horizontal  tune  initial  guess  of  0.45  the 
measured  tune  was  0.454.  This  was  a  test  of  the  method 


Frequency,  f  [MHz] 


Figure  4:  Plot  of  horizontal  BTF  phase  arg{H(f)}, 
amplitude  |H(f)|  and  coherence  function  vs.  frequency  f, 
showing  a  n  phase  shift  centred  at  about  5.25765  MHz. 

with  a  very  good  initial  guess;  hence  the  result  is  only  a 
small  refinement.  Poor  initial  guesses  are  mastered  with 
larger  5f  and  observation  window. 

CONCLUSION 

LIMD  is  now  ready  for  full-steam  operation.  The 
various  diagnostics  it  includes  could  be  exported  to  other 
new  systems,  for  example  to  Schottky-based  diagnostics 
for  CERN’s  LEIR. 
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Abstract 

The  CTF3  (CLIC  Test  Facility  3)  will  produce  1.56jxs 
long  intense  electron  pulses.  The  unbunched  5.4A  beam 
of  the  injector  will  have  a  transverse  beam  size  -1mm. 
After  the  buncher  the  current  is  reduced  to  3.5A  and  the 
transverse  size  varies  between  a  few  hundred  micrometers 
and  one  millimetre  along  the  length  of  the  linac. 
Calculations  indicate  that  these  beam  parameters  will 
impose  an  unbearable  thermal  load  for  the  intercepting 
screens  currently  in  use  (scintillators  and  aluminium  OTR 
foils).  Graphite  and  SiC  have  been  investigated  as 
possible  alternative  materials  for  the  OTR  radiators.  The 
possibility  of  replacing  scintillating  screens  with  OTR 
targets  at  the  low  energies  of  the  injector  has  also  been 
considered.  A  possible  limitation  in  the  use  of  such  high 
temperature  radiators  has  been  identified;  ions  released 
from  the  heated  target  could  focus  further  the  beam  with 
the  risk  of  damaging  the  target  itself  and/or  blowing  up 
the  beam.  This  would  also  affect  the  emittance 
measurement  and  would  hinder  any  effort  to  detect  head- 
tail  phenomena.  This  paper  gives  the  results  of  the 
theoretical  estimations,  and  of  the  beam-based 
experiments. 


INTRODUCTION 

During  the  last  two  decades  the  use  of  intense  electron 
beams  has  been  developed,  especially  for  Free  Electron 
Laser  studies  [1]  and  X-ray  radiography  [2],  With  current 
densities  of  the  order  of  tens  of  kA/cm2  the  beam  impact 
destroys  or  damages  any  intercepting  devices  used  for 
beam  diagnostics  or  as  Bremsstralhung  X-ray  sources. 
Moreover  an  instability  caused  by  the  interaction  of  the 
primary  electrons  beam  with  positive  ions  released  by  the 
target  when  heated  up,  has  been  observed  [3].  This 
process  has  been  identified  as  a  time  dependant  effect  that 
modifies  the  electron  beam  size  at  the  location  of  the 
target  within  the  beam  pulse  duration  [4]. 

The  CTF3  facility  in  the  nominal  phase  will  produce 
intense  beams  [5],  1.56ps  long  at  a  repetition  rate  of 
50Hz.  The  injector  delivers  a  5.4A  average  current,  which 
is  then  reduced  to  3.5A  after  the  buncher.  Several  beam¬ 
monitoring  devices  are  foreseen,  distributed  along  the 
accelerator  at  140keV,  20MeV,  60MeV  and  180MeV. 
With  beam  sizes  varying  from  few  millimetres  to  few 
hundred  of  micrometers,  the  current  density  can  be  as 
high  as  few  kA/cm2.  The  screens  will  suffer  thermal 
related  problems  and  the  measurements  will  be  potentially 
affected  by  this  ions  instability.  Concerning  beam 
diagnostics,  our  main  concern  is  to  provide  a  system, 
which  is  robust  enough  to  stand  the  induced  thermal  load' 
and  to  allow  quantitative  measurements. 


In  this  paper,  thermal  calculations  are  first  presented 
with  the  aim  of  determining  which  material  can  be  used 
for  the  CTF3  OTR  radiators.  Some  simulations  are 
performed  with  the  LSP  code,  developed  by  Mission 
Research  Corporation  [6],  in  order  to  estimate  the  impact 
of  the  ion  instability  on  the  CTF3  beam.  The  third  part  is 
dedicated  to  OTR  [7]  and  Black  body  photon  intensities 
calculations  to  investigate  the  light  yield  of  these  two 
processes. 


THERMAL  ANALYSIS 


Assuming  an  electron  beam  with  a  Gaussian  spatial 
distribution,  the  time  evolution  of  the  target  temperature 
can  be  calculated  solving  the  following  equation  [8] 


AF(r,Q 

At 


2°2  N(t)~  kV2T(r,t) 

~  ~P’(r(r’')4  "  r04) 


With  a  the  electron  beam  size  and  N(t)  the  particle  flux. 
The  target  is  characterized  by  the  thickness  8,  emissivity 
e,  specific  heat  Cp,  density  p  and  thermal  conductivity  k. 
T0  is  the  room  temperature  and  as  the  Stefan-Boltzmann 
constant.  The  first  term  in  brackets  contains  the  stopping 
power,  dE/dx,  representing  the  electron  energy  deposition 
[9]  and  is  responsible  for  the  heating  of  the  material.  The 
target  is  cooled  by  thermal  conduction  (second  term)  and 
Black  Body  (BB)  radiation  emitted  from  the  radiator 
surface  (third  term). 

Electrons  traversing  matter  loose  energy  by  collision 
(ionization)  and  by  radiation  (Bremsstrahlung).].  If  the 
target  is  sufficiently  thin  (-tens  of  microns),  the 
Bremsstrahlung  photons  are  not  re-absorbed  by  the 
radiator  and  then  do  not  contribute  to  the  energy 
deposition  process.  For  high  energies  particles,  it 
represents  a  large  fraction  of  the  total  energy  loss  [9].  The 
collision  stopping  power  does  not  change  sensibly  from 
one  material  to  the  other  (factor  2  between  tungsten  and 
graphite).  For  electron  energies  between  lOOkeV  and 
360MeV,  it  only  changes  by  a  factor  less  than  2.  In  the 
following  calculations,  the  target  is  supposed  to  be  thin 
enough  (10pm)  to  neglect  the  radiative  stopping  power 
and  to  reduce  the  collision  energy  deposition,  which  is 
much  higher  for  low  energies  (<100keV).  The  key 
parameter  for  the  heat  of  the  screen  is  the  specific  heat  of 
the  material.  An  example  of  the  temporal  behaviour  of  the 
target  temperature  is  displayed  on  figure  1,  considering 
the  interaction  of  a  140keV,  5.4A,  1mm  beam  size 
electron  beam  and  a  graphite  target  (e  =  0.7).  This 
calculation  assumes  a  cooled-radiator,  which  external 
temperature  is  kept  at  20°C. 


0-7803-7738-9/03/$  1 7.00  ©  2003  IEEE 


2464 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


10J 

- - - r - - - i - - - i - - - 

r 

/ 

I  =  5A 

£ 

1 

’  io> 

E  =  140keV  ! 
a  -  1mm 
50Hz  ; 

in1 

0.90  0.92  0.94  0.96  0.98  1.00 

- 1 - 1 _ ■  »  _ 1 _ _ _ 

io’  i - ■ - 1 - . - 1 - . - 1 - . - 1 

0.0  0.5  1.0  1:5  2.0 


Time(s) 

Figure  1 :  Graphite  target  temperature  versus  time 

Due  to  the  pulsed  nature  of  the  beam  (50Hz,l  .56ps)  the 
temperature  after  a  short  transition  period  (~200ms)  will 
cycle  between  two  values  here  defined  as  and  Tiow, 
corresponding  to  the  temperatures  attained  just  after  and 
just  before  the  electron  pulses  as  shown  in  figure  1.  In  this 
example,  the  target  is  10  pm  thick  and  its  temperature 
oscillates  between  778°C  and  1003°C.  By  reducing  the 
repetition  rate  to  10Hz,  and  TIow  become 

respectively,  440°C  and  106°C. 

The  power  evacuated  via  Black  Body  radiation  is  given 
by  the  Stefan-Boltzmann  law: 

P  =  2ko2eosT^ 

and  it  represents  only  a  small  contribution  to  the  total 
thermal  balance  of  the  target.  In  the  case  represented  in 
figure  1,  it  amounts  to  only  65mW  compared  to  the 
2.88W  deposited  by  the  beam  (50Hz).  This  effect  makes 
the  cooling  between  pulses  faster  but  is  almost  irrelevant 
on  the  maximum  temperature  attained  by  the  radiator.  The 
cooling  by  BB  radiation  would  have  a  more  significant 
effect  if  using  much  thinner  foils  (<pm)  in  order  to 
minimize  the  beam  energy  deposition. 


Figure  2:  Temperature  profile  as  a  function  of  the  radial 
position  at  different  times  in  the  cycle 

On  figure  2  the  different  curves  illustrate  the  time 
evolution  of  the  temperature  profile  of  the  target.  Heat 
exchange  is  negligible  within  the  pulse  duration  (ps).  The 
cooling  has  just  started  1ms  after  the  beam  pulse 


(considering  graphite),  and  10ms  later  the  temperature  in 
the  centre  has  decreased  by  15%.  Choosing  a  high 
thermal  conductivity  material  allows  a  faster  radial 
cooling  of  the  target. 

Good  candidates  will  have  a  high  fusion  temperature,  a 
high  specific  heat  and  a  high  thermal  conductivity.  The 
characteristics  of  the  material  considered  in  this  analysis 
are  summarized  in  table  1.  On  CTF3,  even  if  the  beam  is 
focused  to  a  a  equal  to  250pm,  supposed  to  be  the  lower 
limit,  a  graphite  target  can  stand  the  full  thermal  load 
reaching  temperatures  of  the  order  of  2250°C.  Beryllium 
would  be  slightly  better  but  its  use  is  discouraged  due  to 
costs  and  difficulties  of  machining. 


Table  1:  Material  characteristics 


Material 

cP(J/gK) 

K(W/mK) 

T/usionfC) 

Be 

1.825 

190 

1287 

0.7-2.8 

140 

3527 

A1 

0.9 

235 

660 

Si 

0.7 

150 

1414 

Ti 

0.523 

22 

1668 

Mo 

0.25 

139 

2623 

W 

0.13 

170 

3422 

ION  INSTABILITY 

The  effect  of  target-emitted  ions  on  the  propagation  of 
the  electron  beam  is  sketched  on  figure  3. 


Figure  3:  Effect  of  target  emitted  ions  from  the  target 

Molecules  are  released  from  the  target  by  gas  desorption 
of  hydrocarbon  surface  contaminants  or  water  when  the 
material  is  heated.  Ions  are  produced  by  direct  electron 
impact  ionization  with  a  cross  section  of  the  order  of 
0.1  A2,  depending  on  the  electron  energy  and  the  nature  of 
the  molecule.  These  ions  are  then  accelerated  by  the  beam 
space  charge  potential  and  propagate  along  the  electrons 
in  the  opposite  direction.  The  electric  field  can  be  as  high 
as  lOMeV/m.  This  positive  ion  column  partially 
neutralizes  the  electron  beam  charge  and  modifies  the 
propagation  of  the  primary  electrons  left  with  their  auto- 
focusing  magnetic  force. 

Simulations  with  the  code  LSP  [6]  have  been  done  to 
estimate  how  important  this  effect  will  be.  The  parameters 
of  the  simulation  are  adjusted,  based  on  the  results  of 
recent  studies  [10].  Two  kinds  of  ions  are  considered,  FT 
9%  and  OH^  91%.  In  the  simulations,  ions  are  emitted 
right  at  the  beginning  of  the  pulse.  In  reality  it  was  shown 
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that  to  fit  the  experimental  data,  ions  should  be  released 
after  the  time  needed  to  heat  the  target  to  400°C.  An 
example  of  the  time  evolution  of  the  beam  size  on  the 
target  in  the  case  of  the  CTF3  injector  is  shown  in 
figure  5. 


with  k  the  Boltzmann  constant,  h  the  Planck  constant,  and 
c  the  speed  of  light.  Thermal  calculations  have  shown  that 
within  10ms  the  temperature  has  decreased  by  15%.  At 
the  same  time  NBB  emitted  in  the  visible  range  [300,  900] 
nm  has  drop  by  at  least  one  order  of  magnitude,  so  that 
we  have  considered  that  the  BB  photons  are  emitted  only 
during  the  first  10ms. 

At  140keV,  with  a  typical  beam  size  of  1mm,  the 
maximum  temperature  is  1003°C.  In  these  conditions 
5.3  10  NBb  photons  are  collected  by  our  optical  system. 
This  value  has  to  be  compared  with  the  1.7  108  OTR 
photons  expected  in  the  same  conditions. 

At  20MeV  and  for  higher  energies  along  the  linac,  the 
beam  size  could  be  as  small  as  250pm.  The  temperature 
increases  up  to  2250°C,  emitting  6.8  10n  BB  photons. 
The  number  of  OTR  photons  sent  onto  the  camera  will 
increase  significantly  with  the  beam  energy.  N0Tr  would 
be  8.4  10'°  at  20MeV,  2.6  1012  at  60MeV  and  2.1  1013  at 
180MeV. 


Figure  5:  Time  evolution  of  the  R.M.S  beam  size 

At  140keV,  the  beam  is  continuously  focused  during  the 
pulse  duration.  A  diminution  Act  of  30%  is  expected 
within  800ns  considering  nominal  conditions.  The  results 
summarizes  in  the  table  in  figure  5  indicate  that  the 
smaller  the  initial  beam  size  (CTini),  the  stronger  and  the 
sooner  the  focusing  takes  place.  At  20  MeV,  Act  is  small 
(<  5%  over  1  ps)  and  for  electrons  of  higher  energies  the 
effect  becomes  negligible. 

OTR  VERSUS  BLACK-BODY 
RADIATION 

The  CTF3  beam  profile  monitors  are  based  on  the 
backward  OTR  emission  from  a  graphite  screen.  The 
number  of  OTR  photons  emitted  by  an  electron  in  the 
wavelength  range  [A^,  Xh]  is  given  by  [7]: 


NOTr  increases  with  the  beam  energy.  For  non  relativistic 
particles,  it  is  roughly  proportional  to  J}2,  and  for  high 
energy  particles  it  behaves  like  ln(2y).  Moreover  the  OTR 
angular  distribution  [7]  can  be  represented  by  a  cone  with 
a  1/y  aperture  with  y  the  relativistic  factor  of  the  electrons. 
In  consequence,  taking  into  account  that  the  optical 
system  has  a  finite  collection  angle  (~  1.261 0'3  Sr),  only  a 
small  part  of  the  OTR  light  cone  would  be  collected  for 
low  energy  particles.  This  calculation  must  also  consider 
that  thermal  resistant  radiators,  like  graphite,  have  low 
reflectivity  (27%)  compared  to  perfect  (mirror-like)  OTR 
screens,  limiting  by  the  same  amount  the  light  intensity 
produced  in  the  backward  OTR. 

The  number  of  Black  body  photons  emitted  per  second 
in  the  wavelength  range  [A^,  A*,]  and  in  2 n  sr  is  given  by: 

>7  \  2m:  2k(t2£ 

"=  J  T~±~ 

em  -1 


CONCLUSIONS 

The  thermal  analysis  presented  in  this  paper  shows  that 
thin  foil  of  graphite  must  be  used  as  OTR  radiator  for  the 
CTF3  beam  profile  monitor. 

Simulations  with  LSP  indicate  that  the  ion  instability 
has  only  a  significant  effect  on  140keV  electrons.  Even  if 
the  beam  is  over-focused  by  30%,  there  is  no  risk  of 
damaging  the  graphite  target.  Possible  cures  of  this  effect 
are  envisaged  by  direct  beam  conditioning  or  laser  surface 
cleaning.  Targets  will  be  prepared  using  a  high 
temperature  treatment  for  outgasing. 

At  low  energy  BB  radiation  is  a  source  of  light  as 
intense  as  OTR.  The  light  spectrum  is  however  quite 
different.  Most  of  the  BB  photons  are  emitted  in  the  red 
part  of  the  visible  range  and  can  be  easily  suppressed 
using  a  blue  filter  or  by  gating  the  camera. 

By  lowering  the  repetition  rate  of  the  machine  to  10Hz, 
the  temperature  of  the  screen  can  be  effectively  reduced,' 
eliminating  the  ion  instability  and  reducing  the  BB 
radiation  by  at  least  three  orders  of  magnitude  depending 
on  the  beam  parameters. 
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Abstract 


Active  alignment  algorithms  for  linear  colliders  such  as 
the  Compact  Linear  Collider  (CLIC),  require  measure¬ 
ments  of  beam  positions  inside  accelerating  structures  in 
order  to  control  short  and  long-range  transverse  wakefields. 
Highly-damped  accelerating  structures  offer  the  possibility 
that  damping  waveguides  can  provide  position  signals  so 
the  accelerating  structure  itself  can  be  used  to  make  these 
position  measurements.  A  demonstration  of  beam  position 
measurement  using  a  3  GHz  slotted  iris  structure  with  a 
dipole  mode  Q^16  was  made  in  CTF II  (CLIC  Test  Facil¬ 
ity)  and  results  are  compared  to  computations  using  HFSS 
and  GdfidL. 

INTRODUCTION 

The  development  of  multi-bunch  accelerating  structure  for 
the  CLIC  main  linac  is  driven  to  a  large  extent  by  strict 
constraints  placed  on  the  long-  and  short-range  wakefields. 
Beam  dynamics  simulations  have  shown  that  to  minimise 
emittance  blow-up  along  the  linac,  the  amplitude  of  the 
transverse  Wakefield  must  decrease  by  two  orders  of  magni¬ 
tude  in  the  time  between  bunches  in  the  train.  The  solution 
adopted  for  CLIC  structures  to  achieve  this  wakefield  sup¬ 
pression  includes  strong  damping  accomplished  via  four 
waveguides  coupled  to  every  cell. 

The  position  of  the  beam  inside  the  structure  can  be  de¬ 
termined  from  the  power  in  these  waveguides  generated  by 
the  excitation  of  the  lowest  order  dipole  mode  in  the  struc¬ 
ture.  For  this  mode,  the  induced  voltage  is  proportional  to 
transverse  beam  position  and  charge.  A  measurement  of 
the  mode’s  excitation  can  be  used  as  input  to  active  align¬ 
ment  systems  and  wakefield  minimisation  algorithms  [1]. 

The  use  of  heavily  damped  accelerating  structures  as 
beam  position  monitors  has  been  demonstrated  in  the  ex¬ 
periments  described  in  this  report.  They  also  provide 
benchmarks  for  the  theoretical  models  developed  to  de¬ 
scribe  the  coupling  of  a  beam  to  a  heavily  damped  peri¬ 
odic  structure  [2],  A  confirmation  of  the  simulations  by  the 
measurement  also  gives  confidence  in  the  wakefield  simu¬ 
lations  which  were  done  with  the  same  techniques.  The  ex¬ 
periment  is  thus  complementary  to  a  direct  wakefield  mea¬ 
surement  such  as  at  ASSET  [3].  It  is  an  extension  of  the 
ideas  presented  in  [4,  5,  6, 7]. 

The  structure  used  in  the  experiment  was  a  3  GHz  Slot¬ 
ted  Iris  Constant  Aperture  (SICA)  accelerating  structure. 
In  both  the  CLIC  main  beam  accelerating  structures  [8] 
and  the  CTF  3  drive  beam  accelerating  structures,  SICA 
[9],  damping  is  achieved  by  coupling  waveguides  but  the 
waveguides  have  a  different  topology.  In  the  SICA  accel¬ 
erating  structure  damping  is  achieved  by  four  slots  in  ev¬ 


ery  iris  which  extend  to  double  ridged  waveguides  which 
are  terminated  by  individual  SiC  loads.  The  lowest  dipole 
mode  of  the  SICA  has  a  maximum  in  the  coupling  to  the 
beam  at  4.3  GHz  and  a  quality  factor  of  about  16.  The 
beam  position  dependency  of  this  dipole  mode  was  stud¬ 
ied  experimentally  by  exciting  the  structure  with  the  4ps, 
0.5  nC  probe  beam  of  the  CTF  II  [10]. 

SETUP 

The  SICA  accelerating  structure  used  in  this  experiment 
was  manufactured  for  high  power  tests  and  consists  of 
four  damped  and  two  coupler  cells.  A  drawing  of  the  ex¬ 
ploded  structure  is  shown  in  Fig.  1.  In  order  to  measure 
the  dipole  mode  excitation,  the  SiC  load  of  one  damping 
waveguide  was  replaced  by  an  impedance  matched  transi¬ 
tion  to  coaxial  cable  to  which  the  read-out  electronics  was 
connected.  The  simulated  spectrum  of  the  signal  in  the 
damping  waveguide  shows  a  resonance  with  a  frequency  of 
4.25  GHz  and  a  half  power  width  of  205  MHz  correspond¬ 
ing  to  a  quality  factor  of  21.  The  transition  was  designed 
with  HFSS  to  have  a  better  impedance  match  than  the  SiC 
load  over  four  times  the  bandwidth  of  the  dipole  signal. 
The  dipole  mode  excitation  in  the  two  coupling  cells  was 
sensed  by  waveguide  directional  couplers  installed  between 
power  couplers  and  loads  that  terminated  the  waveguides. 
The  power  couplers  and  the  damping  waveguide  sense  the 
same  polarisation  of  the  dipole  mode.  A  photo  of  the  in- 
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Figure  2:  Photography  of  the  accelerating  structure  in¬ 
stalled  in  the  CTF II. 

stallation  in  the  CTF  II  is  shown  in  Fig.  2. 

As  the  cells  are  so  strongly  damped  (35.9  dB  per  cell  for 
the  lowest  dipole  mode),  the  modes  do  not  extend  over  the 
whole  structure.  Therefore  measuring  the  dipole  mode  at 
three  locations  (the  two  power  couplers  and  one  damping 
waveguide)  provided  independent  position  measurements, 
allowing  beam  position  jitter  and  measurement  resolution 
to  be  distinguished.  The  signals  from  the  two  couplers  and 
the  damping  waveguide  were  normalised  for  beam  charge 
variations  by  a  wall  current  monitor  signal. 

The  beam  position  dependency  of  the  dipole  mode  was 
studied  by  transversely  displacing  the  beam  with  a  dipole 
magnet  located  1.205  m  upstream  of  the  accelerating  struc¬ 
ture. 

MEASUREMENTS 

The  first  measurement  was  to  study  the  properties  of  the 
signal  from  the  damping  waveguide  in  time  and  frequency 
domain.  The  measured  time  domain  signal  at  the  transition 
from  the  damping  waveguide  for  a  beam  offset  of  2  mm  is 
shown  in  Fig.  3.  The  fast  decay  of  the  signal  within  a  few 
nanoseconds  confirms  that  the  damping  works  well.  The 
Fourier  transformation  of  the  signal  is  shown  in  the  right 
plot  of  Fig.  4.  The  shape  of  this  spectrum  was  confirmed 
by  measurements  with  a  spectrum  analyser.  The  spectrum 
shows  the  dipole  mode  signal  resonance  at  4.41  GHz  and  a 
second  peak  at  3.6  GHz  caused  by  the  cutoff  frequency  of 
the  damping  waveguide.  The  whole  spectrum  was  found  to 
be  position  dependent  as  expected.  The  dashed  lines  are  fits 
with  a  resonance  curve.  A  quality  factor  of  33  was  found 
for  the  dipole  mode  signal. 


Figure  3:  Measured  time  domain  signal  from  the  damping 
waveguide  after  mixing  with  a  3.498  GHz  local  oscillator. 


Figure  4:  The  spectrum  of  the  signal  from  the  damping 
waveguides  after  the  transition  as  it  was  simulated  with 
HFSS  (left)  and  as  it  was  measured  (right). 

This  signal  and  the  ones  from  the  couplers  were  low  pass 
filtered  and  mixed  down  to  a  DC  - 1.5  GHz  baseband.  The 
local  oscillator  signal  (3.498  GHz)  was  generated  from  the 
CTF  II  master  clock  (249.877  MHz)  so  that  the  signals’ 
phase  was  maintained  during  the  mixing.  The  wall  cur¬ 
rent  monitor  and  the  three  intermediate  frequency  position 
signals  were  displayed  on  a  four  channel,  3  GHz  bandwidth 
oscilloscope  with  a  sample  rate  of  lOGS/s.  The  scope  was 
triggered  on  the  CTF  II  master  clock. 

The  second  measurement  was  to  study  the  beam  posi¬ 
tion  dependency  of  the  signal.  The  real  and  imaginary  part 
of  the  excitation  signal  both  linearly  depend  on  beam  po¬ 
sition  [11].  Fits  to  these  two  linear  functions  provide  the 
parameters  for  the  hyperbolic  and  arctangent  relations  of 
the  signal’s  amplitude  and  phase  respectively.  Amplitude 
and  phase  of  the  signal  are  plotted  as  a  function  of  beam 
position  in  Fig.  5.  The  representation  of  the  signal  in  the 
complex  plane  is  shown  in  Fig.  6.  The  error  bars  equal  the 
r.m.s.  value  of  100  successive  measurements.  The  measure¬ 
ment  is  in  good  agreement  with  the  theoretical  curves.  The 
solid  curves  are  hyperbolic  and  arctangent  fits,  the  dashed 
curves  are  the  curves  derived  from  the  linear  fits  to  the  real 
and  imaginary  parts.  The  advantage  of  the  latter  is  that  the 
parameters  of  the  two  linear  fits  are  orthogonal.  A  mean 
r.m.s.  of  5.7  jum  was  found.  Fig.  5  shows  that  the  beam 
position  dependency  of  the  amplitude  in  the  centre  of  the 
cavity  is  weak,  however,  the  beam  position  information  is 
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Figure  5:  Amplitude  (left)  and  phase  (right)  of  the  signal 
from  the  damping  waveguide  as  a  function  of  beam  posi¬ 
tion. 


Imaginary 


Figure  6:  The  same  data  as  in  Fig.  5  plotted  in  the  complex 
plane. 


contained  in  the  phase  which  has  a  strong  beam  position 
dependency  around  the  centre. 

The  same  analysis  was  performed  on  the  signal  from 
the  coupler  cells.  The  variations  of  the  beam  position 
signal  for  unchanged  corrector  magnet  currents  have  two 
sources:  firstly,  the  beam  position  of  the  CTF  II  probe 
beam  is  known  to  jitter  due  to  imperfections  in  the  flash- 
lamp  pumped  laser  which  drives  the  photo-injector.  Sec¬ 
ondly,  there  is  a  noise  on  the  beam  position  measurements. 
The  coefficient  of  determination  indicates  the  proportion  of 
variance  in  one  variable  explained  from  knowledge  of  the 
second  variable.  For  100  successive  measurements  where 
the  beam  position  signal  varied  with  an  r.m.s.  of  6  pm,  the 
coefficient  of  determination  between  the  signal  from  the 
damping  waveguide  and  from  one  coupler  cell  equals  18  %. 
This  means  that  18  %  of  the  signal  variation  are  due  to  real 
beam  position  jitter  and  the  rest  is  caused  by  limitations  of 
the  experiment.  Such  limitations  are  likely  to  be  caused 
by  the  electronics  that  was  not  sufficiently  shielded  against 
signals  from  the  CTF  II  accelerator. 


SIMULATIONS 

In  preparation  for  the  experiment  the  response  of  the  struc¬ 
ture  to  the  excitation  with  a  short  bunch  was  studied  with 
HFSS  [12]  and  GdfidL  [13].  The  beam  leaves  a  certain 
voltage  in  the  cavity  which  results  in  a  certain  power  in 
the  damping  waveguides.  In  the  HFSS  simulation,  this  was 


reversed:  Power  at  different  frequencies  was  fed  into  the 
structure  via  the  damping  waveguide  and  the  voltage  cal¬ 
culated  by  path-integration  of  the  electric  field  along  the 
particle  trajectory.  The  ratio  of  the  squared  voltage  and  the 
power  provides  the  impedance  as  a  function  of  frequency. 
This  spectrum  of  the  signal  in  the  coaxial  cable  of  the  tran¬ 
sition  is  shown  in  the  left  plot  of  Fig.  4.  The  complex  sum 
of  two  resonance  curves  was  fitted  to  the  spectrum.  For  the 
dipole  mode  signal  a  resonance  frequency  of  4.33  GHz  and 
a  quality  factor  of  26.0  was  found.  The  relative  deviation 
of  theses  values  compared  to  the  measurements  are  1.8  % 
for  the  resonance  frequency  and  24  %  for  the  quality  factor. 

The  GdfidL  program  calculates  the  fields  in  time  do¬ 
main.  The  spectrum  is  derived  as  the  Fourier  transforma¬ 
tion  of  this  signal  and  was  found  to  agree  very  well  with 
the  result  found  by  HFSS  simulations. 

More  details  can  be  found  in  [14]. 
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Abstract 

During  the  SPS  high  intensity  run  2002  with  LHC  type 
beam,  the  breaking  of  several  of  the  carbon  wires  in  the 
wire  scanners  has  been  observed  in  their  parking  position. 
The  observation  of  large  changes  in  the  wire  resistivity  and 
thermionic  electron  emission  clearly  indicated  strong  RF 
heating  that  was  depending  on  the  bunch  length.  A  sub¬ 
sequent  analysis  in  the  laboratory,  simulating  the  beam  by 
two  probe  antennas  or  by  a  powered  stretched  wire,  showed 
two  main  problems: 

i)  the  housing  of  the  wire  scanner  acts  as  a  cavity  with 
a  mode  spectrum  starting  around  350  MHz  and  high 
impedance  values  around  700  MHz; 

ii)  the  carbon  wire  used  so  far  appears  to  be  an  excellent  RF 
absorber  and  thus  dissipates  a  significant  part  of  the  beam- 
induced  power. 

Different  wire  materials  are  compared  with  the  classical  ca¬ 
vity  mode  technique  for  the  determination  of  the  complex 
permittivity  in  the  range  of  2-4  GHz.  As  a  resonator  a  rect¬ 
angular  TE01n  type  device  is  utilized. 

WIRES  HEATING  IN  THE  SPS  TUNNEL 

During  the  two  last  Machine  Development  periods  in 
the  SPS  2002  run,  several  wires  were  found  broken.  Such 
breaking  can  be  typically  related  to  the  wire  heating  due 
to  some  energy  deposition  by  the  traversing  protons  on  the 
wire.  Dedicated  electronics  has  been  installed  in  order  to 
have  an  indication  of  the  wires  heating  during  the  LHC  type 
beam  injection  and  ramp  in  the  SPS.  In  particular  a  constant 
current  was  supplied  to  the  wire  and  the  voltage  drop  across 
it  was  fed  to  a  digital  scope  together  with  the  difference  be¬ 
tween  the  input  and  output  currents.  The  differential  cur¬ 
rent  ( Iout  ~  hn)  grow  up  is  due  to  the  wire  heating  and  con¬ 
sequent  emission  of  electrons  for  thermionic  effect.  Fig.  1 
shows  such  voltage  and  differential  current  evolutions  dur¬ 
ing  the  SPS  cycle  with  LHC  type  beam.  No  scans  were 
performed  along  this  cycle.  It  is  thus  evident  that  the  wire 
heating  does  not  depend  on  the  direct  wire-beam  interac¬ 
tion. 

In  particular  it  is  possible  to  relate  the  wire  heating  to  the 
beam  intensity  (two  batches  of  72  bunches  with  1.1  *  1011 
p/bunch  injected  in  this  case)  and  to  the  bunch  length  which 
is  decreasing  along  the  beam  ramp  to  450  GeV. 

The  measurements  described  in  the  previous  section  clearly 
revealed  that  the  bunch  length  shortening  causes  a  larger 
wire  heating  than  the  beam  intensity.  Such  observations 
lead  the  study  of  possible  RF  coupling  effects  between  the 
wire  scanner  wires  and  the  proton  beam  travelling  inside 
the  wire  scanner  tank  which  is  acting  as  a  cavity. 


the  SPS  (No  scan,  wire  in  parking  position).  The  beam 
energy  ramp/bunch  length  decreasing  begin  t=l  1  s. 

The  proton  beam  circulating  in  the  ring  has  a  frequency 
spectrum  which  mainly  depends  on  the  bunching  structure 
(bunch  length,  bunch  spacing).  The  build  up  of  standing 
waves  resonating  inside  the  tank  depends  on  the  geometry 
and  the  tank  materials.  If  one  or  more  of  the  modes  matches 
a  beam  spectral  line,  a  rather  large  amount  of  RF  power  can 
be  transmitted  from  the  beam  to  the  wires. 

These  hypotheses  have  been  investigated  through  dedicated 
laboratory  measurements. 

LABORATORY  MEASUREMENTS 

A  spare  SPS  wire  scanner  tank  has  been  equipped  in  the 
laboratory  with  two  probe  antennas  connected  to  a  Vec¬ 
tor  Network  Analyzer  (VNA)  in  order  to  simulate  the  RF 
modes  in  the  beam  spectrum  frequency. 

Beam-Wire  coupling 

Two  connections  to  the  ends  of  the  wires  of  the  wire 
scanner  are  used  during  normal  operation  to  check  the  wire 
integrity  (measuring  the  resistance)  or  to  detect  the  sec¬ 
ondary  emission  signal.  In  the  laboratory  they  were  applied 
to  estimate  the  proton  beam-wire  coupling  while  simulat¬ 
ing  the  beam  with  a  stretched  wire.  A  0°/180°  RF  signal 
combiner  circuit  has  been  used  to  measure  the  differential 
signal  at  the  wire  ends.  One  port  of  the  VNA  has  been  con¬ 
nected  to  one  end  of  the  stretched  wire,  the  other  one  at 
the  combiner  output  giving  the  differential  signal.  Fig.  2 
is  well  describing  the  effect.  The  plot  gives  the  S2 i  sig¬ 
nal  together  with  the  differential  signal  on  the  wire  scanner 
wire.  Where  the  frequency  peak  of  the  transmitted  signal 
matches  a  peak  of  the  differential  signal,  the  power  present 
in  the  cavity  can  be  absorbed  by  the  wire. 
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Figure  2:  Beam- Wire  Scanner  coupling 


Different  configurations  have  been  set  up  in  order  to  bet¬ 
ter  understand  the  phenomenon: 

-  of  the  wires  mounted  on  the  forks,  without  ferrite  tiles  in¬ 
serted 

-  one  copper  and  one  carbon  wires  mounted  and  kept  in  the 
parking  position,  without  ferrite  tiles 

-  two  carbon  wires  mounted  and  kept  in  the  parking  posi¬ 
tion,  without  ferrite  tiles 

-  two  carbon  wires  mounted,  the  horizontal  wire  kept  in  the 
parking  position  and  the  vertical  wire  in  proximity  of  the 
beam  position,  without  ferrite  tiles 

-  two  carbon  wires  mounted,  the  horizontal  wire  kept  in  the 
proximity  of  the  beam  position  and  the  vertical  wire  in  the 
parking  position,  without  ferrite  tiles 

-  none  of  the  wires  mounted,  nine  ferrite  tiles  inserted  in 
the  tank 

-  one  carbon  wire  mounted,  nine  ferrite  tiles  inserted  in  the 
tank 

-  two  carbon  wire  mounted,  nine  ferrite  tiles  inserted  in  the 
tank 

For  each  measurement  the  Q  factor  has  been  evaluated  by 
mean  of  the  VNA,  zooming  in  the  resonance  interval.  For 
each  resonance  the  antenna-probes  position  has  been  ad¬ 
justed  in  order  to  reach  the  condition  of  weak  coupling 
(Sn  and  S2 2  signals  minimized  to  <  .5dB)  thus  allowing 
the  evaluation  of  the  unloaded  Q.  Fig.  3  shows  two  of  the 
recorded  signals,  one  with  no  wires  mounted  and  no  ferrite 
tiles  inserted  and  one  with  no  wires  installed  and  nine  fer¬ 
rite  tiles  inserted.  Fig.  4  summarizes  all  the  quality  factors 
as  function  of  frequency,  for  all  the  measurement  configu¬ 
rations. 

The  RF  modes  damping  by  inserting  the  ferrite  tiles 
is  evident  and  suggested  such  configuration  to  reduce  the 
power  absorbed  by  the  wire  scanners  wires.  The  ferrite 
properties  can  be  found  in  [2]. 

WIRE  MATERIALS  STUDIES 

The  classical  cavity  mode  technique  has  been  used  for 
the  determination  of  the  complex  permittivity  of  different 
wires  in  the  range  from  2-4  GHz.  As  a  resonator  a  rect¬ 
angular  TEoin  type  device  is  utilized.  Different  materials 


Figure  3:  Transmitted  signal  from  one  end  of  the  tank  to 
the  other  using  the  antenna-probes  method 
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Figure  4:  Unloaded  Q  factors  for  all  the  measurements  se¬ 
tups  as  function  of  frequency 


such  as  silicon  carbide  (SiC),  carbon  and  quartz  fibers  were 
examined.  SiC  fibers  are  an  interesting  alternative  to  car¬ 
bon  fibers  and  their  properties  had  to  be  investigated,  since 
SiC  bulk  material  is  often  used  as  a  microwave  absorber. 
The  complex  permeability  can  be  expressed  as 

?=  e0€r  =  e0  (e'r  ~  jC)  (D 

from  where  the  loss  factor  can  be  defined: 

// 

tan  8,  =  (2) 

er 

In  the  test  cavity  there  are  locations,  in  which  either  the 
electric  or  the  magnetic  field  vanishes.  If  one  puts  a  suf¬ 
ficiently  small  sample,  which  does  not  disturb  the  field, 
in  these  locations  only  the  magnetic  or  electric  properties 
of  the  cavity  are  influenced  by  the  sample.  In  both  cases 
the  resonance  frequency  fr  and  the  quality  factor  Q  are 
changed.  er ,  er  and  tan  Se  respectively  can  be  found  from 
these  changes.  [1]  provides: 


A  fr  AW 

fr  W 


(3) 


The  variables  in  this  equation  are  complex. 
Im(/r)  andlm(iy)  describe  the  losses  in  the  empty 
cavity,  and  given  the  high  Q  they  will  be  neglected  in  the 
following.  If  the  sample  is  non-magnetic  and  positioned 
in  a  zero-magnetic-field  region,  which  is  our  case,  then  W 

and  AW  in  Eq.  (3)  are  only  calculated  from  the  electrical 
fields: 


Afr  _  frs  —  fre  _  -eo  fVa  (C  -  l)E(x,  j/,  z)cE(x,  y,z)a*  dV 
fr  ~  /;  “  2eofVrEidV 

(4) 
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The  subscripts  e  and  s  indicate  the  empty  cavity  and  the 
cavity  with  sample,  whilst  Vs  and  Vr  are  the  volumes  of 
the  sample  and  of  the  resonator.  When  the  electric  field 
is  tangential  to  the  surface  of  the  sample  and  the  sample 
ends  on  the  resonator  walls,  then  the  internal  field  equals 
the  external  field: 

Ee  =  Es  (5) 

Given  a  small  volume  of  the  sample: 

Ee(x1y,z)=Ee  o  (6) 

and  can  be  pulled  out  from  the  integrals  of  Eq.  (4).  The 
imaginary  part  of  the  resonant  frequency  shift  is  related  to 
the  change  in  quality  factor: 


Im(A/;)  =  A/;  = 


fr 


1 

Ql . 


1 

Ql t 


(7) 


Eq.  (4)  to  Eq.  (7)  lead  to  the  evaluation  of  the  real  and  imag- 
inaiy  part  of  the  dielectric  constant: 


1  —  ^Ts  ff'e  Vr 
fre  2Va 

~ Q_L_e_  il  1  Vr 

.Qls  _  QLe  4Vg 


(8) 

(9) 


and  therefore  to  the  characteristic  loss  factor  as  defined  in 
Eq.  (2).  er  can  also  be  deduced  from  the  material  conduc¬ 
tivity  a  and  the  resonant  frequency  /  according  to: 


cr  =  ue"  =  2? r/e"  =  2t r/e0e"  (10) 


Experimental  Results 

In  the  laboratory  fibers  of  three  different  materials  were 
considered:  Carbon,  Silicon  Carbide  and  Quartz.  Fig.  5 
shows  the  measurements  results  as  signal  intensity  versus 
frequency,  around  one  of  the  resonating  modes  with  maxi¬ 
mum  electric  field  at  the  sample  location.  The  plot  qualita¬ 
tively  proves  the  RF  power  absorption  of  Carbon,  and  the 
non-absorption  of  Silicon  Carbide  and  Quartz.  Fig.  5  also 
includes  the  results  of  a  numeric  simulation  and  measure¬ 
ment  concerning  the  SiC  material  which  is  presently  con¬ 
sidered  as  a  suitable  RF  absorber  for  the  Compact  Linear 
Collider  (CLIC).  A  pyramid  shaped  piece  of  such  material 
was  inserted  in  the  resonator  at  the  same  location  where  the 
wire  scanner  wires  were  placed.  The  fact  that  this  material 
is  absorbing  RF  power  as  shown  by  the  simulation  and  by 
the  measurements,  proved  that  this  is  a  SiC  compound  dif¬ 
ferent  from  the  one  used  for  the  wire  scanners  wires. 

The  insertion  of  one  carbon  fiber  (d=36  pm)  is  reducing 
the  signal  amplitude  to  a  level  where  the  mode  frequency 
is  not  well  defined  since  the  resonance  curve  is  strongly 
asymmetric.  Therefore,  for  this  material,  we  could  not  ap- 
ply  Eq.  (8).  The  imaginary  part  of  the  dielectric  constant 
was  evaluated  both  from  Eq.  (9)  and  Eq.  (10).  The  inser¬ 
tion  of  500  SiC  fibers  (d=15^m)  allowed  the  evaluation 
of  both  the  real  and  imaginary  part  of  the  dielectric  con¬ 
stant  by  mean  of  Eq.  (8)  and  Eq.  (9).  The  results  for  the 


Figure  5:  Resonant  cavity  signal  in  presence  of  Carbon, 
Silicon  Carbide  and  Quartz 

TE103  are  summarized  in  the  table  below,  together  with  the 
available  data  for  the  CLIC  SiC  bulk  material  [3].  Being 
Quartz  a  weakly  absorbing  material,  in  order  to  evaluate  ef 
and  e"  one  should  insert  a  large  number  of  fibers  as  it  has 
been  done  for  SiC.  However  not  enough  Quartz  material 
was  available. 


Table  1:  Real  and  imaginary  part  of  the  dielectric  constant 
for  the  T Ei 03  mode,  at  2.5  GHz. 


< 

c" 

c 

SiC 

SiC  (CLIC) 

10.790  ±  0.016 
14.4 

2.30  ±  0.05  •  105 
2.158  ±  0.005 

6.6 

CONCLUSIONS 

The  laboratory  measurements  investigated  the  RF  cou¬ 
pling  nature  responsible  for  the  wire  breaking  in  the  SPS 
wire  scanners.  The  wire  scanners  tanks  proved  to  act  as  res¬ 
onant  RF  cavities  in  the  beam  spectrum  frequency  range. 
As  a  cure  for  the  wire  heating  due  to  the  beam-wire  cou¬ 
pling,  the  SPS  wire  scanner  tanks  have  been  equipped  with 
low  outgassing  ferrite  tiles  in  order  to  damp  the  resonance 
modes.  Carbon,  used  in  the  SPS  until  2003,  provided  evi¬ 
dence  of  RF  absorption  properties.  Therefore  the  wire  ma¬ 
terial  of  few  monitors  were  changed  from  carbon  to  silicon 
carbide,  which  has  been  characterized  as  a  weakly  absorb¬ 
ing  material,  and  will  be  tested  during  the  2003  SPS  run. 
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Abstract 


We  describe  the  architecture  and  system-level  imple¬ 
mentation  of  a  bunch-by-bunch  beam  position  monitoring 
system  for  the  Cornell  Electron  Storage  Ring  (CESR).  With 
this  system  an  individual  readout  module  is  supplied  for 
each  detector.  Each  readout  module  is  equipped  with  its 
own  digital  signal  processor  (DSP)  which  provides  auto¬ 
matic  gain  and  timing  control  for  the  acquisition  of  signals 
corresponding  to  particular  bunches  in  the  ring.  The  DSPs 
also  provide  local  data  processing  for  applications  such  as 
multi-tum  averaged  position  information,  betatron  phase 
measurements,  and  bunch-by-bunch  tune  measurements. 

INTRODUCTION 

An  upgraded  beam  position  monitoring  (BPM)  system, 
with  bunch-by-bunch  readout  capability,  has  recently  been 
installed  in  one  sector  of  CESR.  Electron  and  positron 
beams  in  CESR  occupy  the  same  beampipe  and  are  elec¬ 
trostatically  separated  into  different  pretzel  closed  orbits  so 
that  collisions  occur  at  a  single  interaction  point.  Typical 
operation  is  with  9  trains  of  4  or  5  bunches  in  each  beam 
and  with  a  bunch  spacing  of  14  ns  within  each  train.  In  or¬ 
der  to  perform  the  necessary  timing  and  gain  control  func¬ 
tions  to  probe  individual  bunches  at  each  BPM  location, 
each  module  is  equipped  with  its  own  DSP.  The  presence 
of  the  DSP  also  allows  us  to  perform  a  number  of  high  level 
monitoring  functions  in  the  readout  modules. 

Figure  1  illustrates  how  the  BPM  modules  are  connected 
to  the  CESR  Control  System  [1]  and  Timing  System  [2].  A 
brief  description  of  operation  and  performance  issues  per¬ 
tinent  to  the  BPM  system  is  presented  here. 

CONTROL  SYSTEM  INTERFACE 

All  command  and  data  transfers  to  or  from  a  BPM  mod¬ 
ule  are  initiated  from  programs  running  on  one  of  the  high- 
level  Open  VMS  Alpha  Workstations.  Data  is  only  moved 
when  it  is  requested;  it  cannot  be  independently  pushed 
up  from  a  BPM  module.  A  program  constructs  a  request 
packet  in  the  MPM  (Multi-Port  Memory)  system  which 
specifies  the  desired  BPM  and  either  the  source  (when  writ¬ 
ing)  or  the  destination  (when  reading)  of  the  data.  Up  to 
256  32-bit  words  can  be  transferred  per  request.  The  re¬ 
quest  packet  identity  is  passed  off  to  the  appropriate  XBUS 
processor.  The  XBUS  is  a  proprietary  fieldbus,  which 
transfers  data  in  a  byte-serial  format  (i.e.,  it  is  a  byte- wide 
parallel  bus  with  multiple  bytes  per  data  transfer). 
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The  XBUS  processors  are  I/O  computers  which  trans¬ 
fer  data  between  the  MPM  and  the  accelerator  hardware, 
in  this  case  a  BPM  module.  The  XBUS  processor  receives 
the  request  packet  and  looks  up  the  address  of  the  BPM 
module.  The  address  specifies  the  crate  and  card  slot  of  an 
SXIO  (SERIAL  XBUS  I/O)  card,  the  channel  on  the  SXIO 
card  where  the  BPM  module  is  connected,  and  a  register  on 
that  channel.  BPM  modules  are  connected  to  SXIO  cards 
with  a  1-bit,  half-duplex,  serial  connection.  The  SERIAL 
XBUS  protocol  requires  two  16-bit  data  transfers,  of  ap¬ 
proximately  25  //sec  each,  to  move  each  32-bit  data  word 
to  or  from  the  DSP.  This  translates  to  a  10K  word/sec  band¬ 
width  limit  which  is  the  impetus  to  place  as  much  data  pro¬ 
cessing  capability  as  possible  within  the  BPM  modules. 

TIMING  SYSTEM  INTERFACE 

Figure  1  also  illustrates  how  the  BPM  modules  are  con¬ 
nected  to  the  CESR  precision  timing  system.  An  interface 
card  in  the  timing  system  distributes  a  24  MHz  TTL  clock 
signal  by  way  of  several  coaxial  distribution  cables  around 
the  accelerator.  Near  each  BPM  module  is  a  timing  cable 
tap  designed  to  minimize  any  impedance  discontinuity  on 
the  coax  cable.  The  circuitry  inside  each  tap  converts  the 
TTL  clock  signal  into  an  LVDS  signal  which  is  sent  to  the 
BPM  module  on  a  twisted-pair  cable. 

The  timing  system  interface  card  encodes  several  pieces 
of  data  on  the  clock  signal  by  means  of  pulse-width  varia¬ 
tions.  The  rising  edges  of  the  clocks  occur  every  42  ns  (24 
MHz).  A  data  bit  of  zero  is  encoded  by  having  the  falling 
edge  occur  14  ns  after  the  rising  edge.  A  data  bit  of  one  has 
the  falling  edge  occurring  28  ns  after  the  rising  edge.  To 
keep  the  DC  content  of  the  clock  signal  constant  and  to  al¬ 
low  for  synchronization  and  error  checking,  each  bit  of  data 
is  sent  normally  in  one  clock  period  and  its  complement  in 
the  next  clock  period. 

The  revolution  time  of  CESR  is  about  2.56  //sec.  This 
is  equal  to  61  periods  of  the  24  MHz  clock.  These  61  pe¬ 
riods  provide  for  30.5  bits  of  data.  The  first  2.5  bits  are 
used  for  synchronization  and  as  a  turn  marker.  These  bits 
are  encoded  as  the  illegal  binary  data  stream  of  11101  in  5 
clock  cycles.  Upon  receipt  of  this  stream,  a  turn  marker  is 
generated  for  use  by  the  internal  timing  system  of  the  BPM 
module  and  the  remaining  28  bits  of  BPM  data  are  latched 
in  a  register.  The  first  18  bits  are  broken  into  9  bits  of  hori¬ 
zontal  and  9  bits  of  vertical  shaker  phase  data.  These  phase 
“words”  allow  betatron  phase  measurements  to  be  made 
with  the  system  (see  below).  The  next  8  bits  are  used  as 
a  system-wide  command  byte  for  the  BPM  system.  This 
byte  allows  us  to  synchronize  operations  of  all  the  BPM 
modules.  Typically  a  control  system  program  will  sequen- 
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Figure  1:  Diagram  of  the  interface  between  the  CESR  control  system,  timing  system,  and  the  new  BPM  system. 


daily  prepare  each  BPM  module  for  a  measurement,  spec¬ 
ifying  parameters  like  which  bunch  to  measure  and  how 
many  turns  of  data  to  average.  When  all  of  the  modules 
have  been  programmed,  a  single  command  word  will  be 
sent  on  the  clock  signal.  All  of  the  modules  will  then  begin 
making  measurements  simultaneously.  Due  to  constraints 
in  the  timing  system,  the  command  word  can  be  changed 
at  a  maximum  rate  of  60  Hz.  The  final  2  bits  contain  hard¬ 
ware  trigger  information  which  allows  us  to  synchronize  all 
of  the  BPM  modules  to  external  events.  Transitions  on  the 
trigger  lines  are  encoded  on  the  clock  signal  for  the  next 
turn  so  the  response  to  hardware  triggers  can  be  very  fast. 
The  BPM  modules  can  be  configured  to  take  action  on  in¬ 
dividual  trigger  signals,  or  on  a  combination  of  the  pair. 
To  date  we  have  used  a  60  Hz  line  trigger  to  synchronize 
measurement  with  the  AC  power  system  and  the  CESR  in¬ 
jection  trigger  to  study  transients  during  injection. 

DSP  INTERFACE 

The  front  ends  of  each  BPM  readout  module  have  been 
described  in  detail  elsewhere  [3].  The  digital  portion  of 
each  module  is  built  around  an  Analog  Devices  ADSP- 
21061  SHARC  DSP  and  an  Altera  EPF10K30A  PLD.  The 
DSP  provides  128  KB  of  memory  of  which  we  use  64  KB 
for  code  and  64  KB  for  data  storage.  A  persistent  copy  of 
the  DSP  code  is  stored  in  a  FLASH  memory  and  is  loaded 
into  DSP  memory  upon  reboot.  An  extensive  suite  of  func¬ 
tions  have  been  programmed  for  the  DSP.  These  functions 
fall  into  four  general  categories:  diagnostic,  data  acquisi¬ 
tion,  calibration,  and  data  processing. 

The  Altera  PLD  provides  the  logic  for  the  SERIAL 
XBUS  interface,  manages  the  communications  bus  on  the 
digital  board,  decodes  the  timing  system  signal,  and  can 
reprogram  the  FLASH  memory  of  the  SHARC  DSP.  An 
important  aspect  of  having  the  PLD  handle  both  XBUS 
communications  and  the  on-board  bus  is  that  this  allows 


the  control  system  to  probe  the  DSP  memory  irrespective 
of  what  state  the  DSP  is  in. 

DSP  Function  Suite 

The  core  of  the  DSP  functionality  is  provided  by  a  set 
of  low  level  data  acquisition  routines.  These  routines  set 
the  global  timing  delay  for  the  readout  module  to  look  at  a 
particular  bunch,  set  relative  delays  between  button  chan¬ 
nels  so  that  each  channel  digitizes  at  the  peak  of  the  button 
signal,  set  each  digitally  controlled  channel  gain  to  opti¬ 
mize  the  signal  levels  on  each  channel,  and  finally  acquire 
the  ADC  readings  from  all  four  buttons  upon  request.  Con¬ 
siderable  flexibility  is  built  into  the  the  way  in  which  the 
ADC  data  is  collected  and  processed.  First,  the  start  of 
data-taking  can  be  configured  to  begin  at  a  specified  turns 
delay  after  any  combination  of  our  two  hardware  trigger 
bits.  A  set  of  data  samples,  up  to  our  buffer  limit  of  1024, 
can  then  be  collected  on  successive  turns  or  with  a  specified 
number  of  skipped  turns  between  samples.  The  resulting 
ADC  values  for  each  button  can  then  be  stored  as  is  or  they 
can  have  pedestals  subtracted  and  gain  conversions  applied 
before  being  saved  into  the  data  buffer. 

In  order  to  obtain  the  timing  information  for  90  individ¬ 
ual  bunches  at  each  BPM  location  and  provide  automatic 
gain  control  for  a  large  range  of  signal  sizes,  an  extensive 
suite  of  calibration  routines  is  provided  in  each  DSP.  Tim¬ 
ing  calibration  begins  by  putting  a  single  bunch  in  CESR. 
Each  module  then  scans  its  timing  offsets  until  it  finds  a  sig¬ 
nal  of  the  correct  polarity  to  within  1  ns.  Once  the  bunch 
has  been  located,  the  known  bunch  pattern  in  CESR  is  used 
to  determine  timing  offsets  for  every  bunch  of  that  species 
and  these  timing  offsets  are  saved  to  an  initialization  file. 
When  taking  data  on  specified  bunches,  a  second,  more 
precise  timing  calibration  takes  place.  A  precision  calibra¬ 
tion  algorithm  adjusts  the  overall  delay  for  the  module  in 
steps  of  17.5  ps.  Independent  timing  delays  for  each  chan¬ 
nel,  also  with  17.5  ps  step  size,  are  then  scanned  and  a  fit  is 
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carried  out  to  determine  the  peak  of  each  channel’s  wave¬ 
form.  Based  on  this  fit  each  channel’s  operating  delay  is 
then  set.  The  signal  waveform  from  each  button  is  such 
that  timing  variations  at  the  10  ps  level  lead  to  a  position 
uncertainty  at  the  few  pm  level.  An  additional  calibration 
feature  is  automatic  gain  control  for  each  channel  on  each 
module.  Because  bunch  currents  range  from  the  100  nA 
to  10  mA  scale  in  CESR,  each  module  must  be  able  to  set 
its  gain  level  accordingly.  In  addition,  because  CESR  oper¬ 
ates  with  electrostatically  separated  beams,  the  gain  control 
function  must  be  separate  for  each  channel  in  order  to  opti¬ 
mize  signal-to-noise.  The  automatic  gain  control  and  tim¬ 
ing  delay  calibration  functions  are  tightly  coupled  because 
of  variations  in  propagation  delay  in  the  variable  gain  am¬ 
plifier  used  in  this  system. 

A  number  of  data-taking  options  are  supported  by  our 
DSP  code.  These  include  acquiring  tum-by-tum  data  for 
particular  bunches  directly,  processing  turns  data  in  the 
DSP  to  provide  averaged  position  and  current  information 
for  one  or  more  bunches,  taking  betatron  phase  measure¬ 
ments,  and  FFT  processing  of  turns  data  to  provide  trans¬ 
verse  tune  information  for  specific  bunches.  In  each  case  a 
high-level  DSP  routine  exists  which  knows  what  setup  pa¬ 
rameters  are  needed  from  the  control  system  program  and 
which  manages  the  data  acquisition  and  data  processing 
steps  in  the  DSP. 

An  example  of  an  application  requiring  tum-by-tum  data 
is  the  study  of  injection  transients.  The  BPM  modules  start 
data  acquisition  a  fixed  number  of  turns  after  a  hardware  in¬ 
jection  trigger.  Typically  we  acquire  a  full  1024  turn  sam¬ 
ple  for  each  trigger.  Our  readout  modules  are  capable  of 
monitoring  injected  bunches  at  the  100  nA  level. 

Averaged  position  data  is  used  for  orbit  monitoring  and 
differential  trajectory  measurements.  In  this  mode,  the  DSP 
can  cycle  through  a  set  of  requested  bunches,  average  up  to 
1024  turns  of  data  for  each,  and  make  the  resulting  mean 
and  RMS  information  available  to  the  control  system.  For 
every  turn  of  data  acquired,  approximately  2.6  turns  are  re¬ 
quired  for  on-board  processing.  This  corresponds  to  a  100 
Hz  bunch  sampling  rate  for  1024  turn  samples. 

Betatron  phase  measurements  [4]  are  made  at  each  de¬ 
tector  using  the  phase  information  from  the  horizontal  and 
vertical  shakers  as  encoded  on  the  timing  system  clock  sig¬ 
nal.  Every  BPM  module  receives  new  data  on  every  turn. 
However,  due  to  propagation  delays  and  beam  direction, 
there  may  be  a  difference  of  several  turns  between  when 
a  shaken  bunch  arrives  at  a  beam  detector  and  when  the 
phase  data  arrives  and  is  decoded  from  the  clock  signal. 
A  calibration  procedure  was  developed  which  allows  us  to 
specify  the  number  of  turns  of  offset  between  detector  data 
and  phase  data  at  each  BPM  module.  Accumulating  phase 
information  for  40,000  turns  provides  a  measurement  with 
a  few  tenths  of  a  degree  resolution  every  2  seconds. 

Good  frequency  resolution  for  bunch-by-bunch  tune 
measurements  requires  a  large  number  of  position  sam¬ 
ples  in  memory  simultaneously.  By  restricting  ourselves 
to  measurements  in  a  single  plane  and  using  16  kwords  of 


data  memory,  the  DSPs  can  accumulate  8192  turns  of  data, 
calculate  either  the  horizontal  or  vertical  position  at  each 
sample  time,  and  then  perform  an  FFT  on  the  data  using  an 
in  place  algorithm  [5].  The  resulting  frequency  resolution 
for  each  bunch  is  better  than  50  Hz. 

Monitoring  of  DSP  Memory 
In  order  to  monitor  operation  of  the  large  number  of  in¬ 
dependent  processors  in  this  system,  we  have  configured 
our  hardware  and  software  to  allow  an  image  of  key  por¬ 
tions  of  the  memory  of  each  DSP  to  be  maintained  in  the 
control  system  program  that  services  the  entire  system.  To 
do  this,  equivalent  data  structures  are  defined  in  both  the 
DSP  and  control  system  code.  These  data  structures  con¬ 
tain  DSP  configuration  and  calibration  information,  work¬ 
ing  data,  and  processed  output.  Transfer  of  the  data  struc¬ 
tures  between  the  DSP  and  the  control  system  is  facilitated 
by  a  pair  of  lookup  tables  for  use  by  the  Altera  PLD.  One 
table  contains  the  starting  DSP  address  of  each  structure 
and  the  other  table  contains  the  size  of  the  structure.  These 
tables  are  initialized  by  the  DSP  code  when  it  starts  up. 
Thus  for  the  control  system  to  access  a  DSP  data  structure, 
it  simply  has  to  specify  the  structure’s  tag  ( ie, its  index  in 
the  lookup  table)  and  the  entire  data  structure  can  be  passed 
as  a  unit  via  one  or  more  XBUS  packet  transfers.  On  the 
control  system  side,  a  key  is  maintained  for  each  data  struc¬ 
ture  on  each  DSP.  This  key  contains  the  DSP  tag  for  that 
structure,  a  set  of  pointers  to  the  control  system  copy  of 
each  data  member,  a  type  specification  for  each  data  mem¬ 
ber,  a  set  of  pointers  to  conversion  functions  for  each,  as 
well  as  various  other  supporting  pieces  of  information  (eg., 
read-write  permissions).  The  data  conversion  functions  al¬ 
low  proper  handling  of  complex  data  types  as  well  transla¬ 
tion  between  IEEE  and  VMS  floating  point  formats. 

CONCLUSION 

We  have  described  the  system-level  implementation  of 
a  general-purpose  BPM  readout  system.  The  system  is 
presently  in  active  use  in  one  sector  of  the  CESR  ring  and 
we  are  continuing  to  explore  and  develop  its  capabilities. 
We  would  like  to  thank  the  members  of  the  CESR  Opera¬ 
tions  Group  for  their  support  in  its  development. 
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Abstract 

The  TESLA  Test  Facility  is  being  extended  to  an  elec¬ 
tron  beam  energy  of  1  GeV  to  drive  a  new  Free  Electron 
Laser  facility.  24  beam  profile  monitors  based  on  opti¬ 
cal  transition  radiation  (OTR)  will  be  used  along  the  linac. 
Their  design  is  a  challenging  task,  since  the  system  has 
to  measure  transverse  electron  beam  sizes  from  millimeter 
scale  down  to  50  fim  with  a  high  resolution.  This  paper  de¬ 
scribes  the  design  of  the  beam  imaging  system,  the  readout 
system  as  well  as  the  mechanical  construction. 

INTRODUCTION 

The  TESLA  Test  Facility  (TTF),  Phase,  1  [1]  oper¬ 
ated  at  DESY  until  November  2002  to  perform  various 
tests  and  experiments  related  to  the  TESLA  linear  col¬ 
lider  project  [2]  as  well  as  to  serve  as  a  Free  Electron 
Laser  [3, 4].  Presently  TTF  is  being  extended  to  a  new  Free 
Electron  Laser  facility  (TTF2-FEL)  [5].  In  the  first  stage, 
five  accelerating  modules  having  eight  9-cell  superconduct¬ 
ing  TESLA  cavities  each  are  installed,  later  two  more  mod¬ 
ules  can  be  added.  Electron  beam  energies  up  to  1  GeV  can 
be  achieved.  A  sketch  of  the  TTF2  linac  is  shown  in  Fig.  1. 

The  requirements  for  beam  profile  diagnostics  are  de¬ 
manding.  Beam  profile  monitors  have  to  measure  trans¬ 
verse  electron  beam  sizes  from  millimeter  scale  down  to 
50  fim  (sigma)  with  a  high  resolution.  These  monitors  will 
be  based  on  the  use  the  visible  part  of  the  transition  radi¬ 
ation  spectrum,  i.e.  the  optical  transition  radiation  (OTR), 
providing  a  fast  single  shot  measurement  with  a  linear  re¬ 
sponse.  OTR  was  already  used  at  TTF1  for  beam  transport 
optimization  and  beam  characterization  [6].  However,  in 
order  to  meet  the  more  strict  requirements  of  TTF2,  several 
improvements  to  the  old  monitor  system  have  been  made. 
The  OTR  beam  profile  monitor  system  is  realized,  as  at 
TTF1,  mainly  by  INFN-LNF  and  INFN-Roma  2,  in  collab¬ 
oration  with  DESY. 

OTR  MONITORS  AT  TTF2 

Totally  27  beam  profile  monitors  will  be  installed  along 
the  TTF2  Linac  (Fig.  I).  Most  of  them  (24)  are  equipped 
with  an  OTR  screen,  three  monitors  in  the  RF-gun  section 
have  Ce:YAG  screens.  Eight  of  the  OTR  monitors  are  com¬ 
bined  with  a  wire  scanner. 

*  katja.honkavaara@desy.de 


Profile  monitors  have  multiple  tasks.  They  provide  on¬ 
line  beam  images  and  profiles  to  optimize  the  beam  trans¬ 
port  through  the  linac.  They  are  also  used  for  the  char¬ 
acterization  of  the  beam:  measurements  of  the  transverse 
beam  shape  and  size,  emittance  measurements  using  both 
the  quadrupole  scan  and  the  four  screen  methods,  as  well 
as  energy  spread  measurements  in  dispersive  sections.  The 
resolution  of  the  monitor  has  to  be  sufficient  to  measure 
beam  sizes  down  to  50  fi m.  In  addition  the  system  has  to  be 
robust,  remote  controlled,  and  have  a  possibility  to  change 
the  magnification  of  the  imaging  optics  and  the  attenuation 
of  the  OTR  signal.  Furthermore,  because  TTF2-FEL  will 
serve  as  a  user  facility,  reliability  is  an  important  aspect. 

OTR  monitors  are  based  on  measuring  backward  opti¬ 
cal  transition  radiation  emitted  by  a  screen  inserted  into  the 
beam  with  an  angle  of  45°  with  respect  to  the  beam  direc¬ 
tion.  A  sketch  of  the  monitor  is  shown  in  Fig.  2,  and  the 
different  components  are  described  below.  OTR  monitors 
in  the  bunch  compressors  have  a  special  design,  and  they 
are  not  discussed  in  this  paper. 

VACUUM  CHAMBER  AND  MOVER 

A  standard  OTR  vacuum  chamber  is  a  7-way  cross  hav¬ 
ing  three  view  ports.  Fused  silica  (DUV-200)  is  used  at  the 
OTR  output  window  because  of  its  radiation  hardness  and 
good  transmittance  at  the  visible  wavelengths.  The  oppo¬ 
site  port  is  used  for  alignment  purposes  and  has  a  normal 
glass  window.  The  third  view  port  is  a  small  glass  win¬ 
dow  at  45°  with  respect  to  the  beam  direction  allowing  to 
illuminate  the  screen  from  the  front. 

Eight  of  the  monitors  are  combined  with  a  wire  scan¬ 
ner  providing  complementary  measurements  of  the  beam 
profile.  Both  devices  are  mounted  into  the  same  vacuum 
chamber.  Ideally  the  screen  and  the  wire  should  be  in  the 
same  longitudinal  position,  but  in  order  to  avoid  an  acci¬ 
dental  collision  between  them,  they  are  separated  in  the 
beam  direction  by  25  mm.  In  order  to  have  space  to  the 
wire  scanner  actuator,  the  opposite  view  port  is  lacking  in 
these  chambers. 

An  OTR  screen  is  inserted  into  the  beam  by  a  stepper 
motor  actuator.  This  mover  is  similar  to  the  movers  used 
at  TTF1,  but  some  mechanical  parts  are  redesigned  to  im¬ 
prove  its  stability.  The  moving  range  is  100  mm,  and  the 
absolute  screen  position  is  read  out  by  a  potentiometer.  For 
compatibility  reasons,  the  motor  driver  is  the  same  as  used 
for  other  stepper  motors  at  TTF2. 
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Figure  1:  Schematic  overview  of  the  TTF2  linac  (not  to  scale).  Beam  direction  is  from  left  to  right,  the  total  length  is 
about  250  m.  Different  beam  profile  monitors  along  the  linac  are  indicated. 


Figure  2:  Sketch  of  a  standard  TTF2  OTR  monitor  (not  to 
scale). 


SCREENS 

At  TTF1,  kapton  foils  with  an  aluminium  coating  were 
used  as  OTR  screens.  These  screens  showed  cracks  in  the 
A1  coating  after  some  time  of  use.  Our  understanding  is 
that  the  beam  heats  the  screen  and  due  to  different  thermal 
expansion,  the  A1  coating  cracks.  One  silicon  screen  with 


an  aluminium  coating  was  used  as  well.  No  visible  damage 
is  seen  on  this  screen. 

At  TTF2,  due  to  smaller  beam  sizes,  the  charge  density 
on  the  screen  will  be  even  higher  than  at  TTF1.  Even  if  the 
number  of  electron  bunches  per  macropulse  will  be  limited 
to  only  a  few,  the  charge  density  on  the  screen  may  be  suf¬ 
ficient  to  destroy  it  even  by  a  single  shot.  Therefore  the 
screen  material  has  to  be  carefully  selected.  So  far,  two 
materials,  silicon  and  aluminium,  have  been  studied.  Other 
possibilities  are  tungsten,  titanium  and  beryllium.  Accord¬ 
ing  to  EGS4  simulations  [7]  with  a  round  gaussian  beam 
distribution  of  =  50  /im,  a  silicon  screen  stays  below  its 
stress  limit,  when  the  charge  per  macropulse  is  less  than 
about  110  nC.  For  aluminium  the  corresponding  value  is 
about  10  nC.  The  light  emission  efficiency  of  these  two  ma¬ 
terials  has  been  measured  at  TTF1:  The  number  of  photons 
detected  by  the  same  standard  CCD  camera  was  about  four 
times  less  for  polished  silicon  than  for  aluminium. 

Because  of  the  significant  difference  in  the  light  emis¬ 
sion,  it  has  been  decided  to  mount  two  screens  in  all  the 
monitors:  a  350  fi m  thick  polished  silicon  screen  and  a  sil¬ 
icon  screen  with  a  40  nm  aluminium  coating.  The  size  of 
both  screens  is  30  mm  x  30  mm,  and  they  are  mounted  on 
a  common  screen  holder  made  of  stainless  steel.  Between 
the  two  screens,  on  the  same  plane,  are  marks  to  adjust  and 
calibrate  the  imaging  optics. 

OPTICAL  SET-UP 

A  sketch  of  the  optical  system  used  to  image  the  OTR 
light  to  the  CCD  camera  is  shown  in  Fig.  2.  This  system 
consists  of  a  mirror  deflecting  the  OTR  light  downwards, 
three  achromatic  doublets,  three  neutral  density  filters,  and 
a  CCD  camera.  The  components  are  mounted  on  two  rails 
on  a  stainless  steel  plate.  The  plate  will  be  fixed  to  the  sup¬ 
port  structure  of  the  linac.  The  optical  system  is  protected 
against  the  stray  light,  and  the  CCD  camera  is  shielded  with 
lead  to  reduce  radiation  damage. 

Both,  lenses  and  filters  can  be  remotely  moved  transver- 
sally  in  or  out  of  the  optical  axis.  Only  one  lens  is  inserted 
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at  any  time.  Focal  lengths  of  the  lenses  are  250  mm,  200 
mm  and  160  mm  providing  nominal  magnifications  of  1, 
0.38  and  0.25,  respectively.  The  filters  have  transmission 
of  10  %,  25  %  and  40  %,  and  any  combinations  of  them 
can  be  used.  The  camera  is  a  digital  CCD  camera  (Basler 
A301f)  with  a  firewire  interface  (IEEE1394).  The  sensor 
size  of  the  camera  is  658  x  494  pixels  with  a  pixel  dimen¬ 
sion  of  9.9  fim  x  9.9  fin i. 

The  initial  adjustment  of  the  optical  set-up  is  done  on  an 
optical  table.  The  optical  axis  is  defined  with  a  help  of  a 
He-Ne  laser  and  small  diaphragms.  The  correct  position 
of  the  lenses  is  searched  by  automatically  measuring  the 
contrast  on  a  calibration  target.  When  the  correct  position 
of  the  lenses  and  the  camera  is  found,  their  position  is  fixed. 
On  the  beam  line,  the  distance  of  the  whole  system  from 
the  screen  is  adjusted  with  the  help  of  the  marks  on  the 
screen  holder.  The  same  marks  are  used  to  calibrate  the 
magnification. 

The  resolution  of  the  optical  system  was  studied  by  mea¬ 
suring  the  Modulation  Transfer  Function  (MTF).  The  reso¬ 
lution  can  be  improved  significantly  by  using  a  diaphragm 
reducing  geometrical  aberrations.  In  order  to  define  the 
limiting  resolution  of  the  system,  an  edge  profile  of  a  black 
rectangle  on  the  calibration  target  was  taken.  A  gaussian 
point  spread  function  (PSF)  convoluted  with  a  step  func¬ 
tion  was  fitted  to  the  measured  profile.  From  the  fit  the 
gaussian  width  (a)  of  the  PSF  can  be  determined.  A  value 
of  a  =  10  fim  was  obtained  with  a  diaphragm  of  a  diameter 
of  20  mm  (magnification  of  1).  Without  a  diaphragm,  the 
corresponding  value  was  a  =  30  fim. 

The  highest  resolution  is  required  when  the  beam  size 
is  expected  to  be  small.  This  is  the  case  at  the  high  beam 
energies,  in  the  case  of  TTF2  after  the  full  acceleration, 
when  the  beam  energy  is  of  the  order  of  1  GeV.  At  high 
energies  OTR  is  well  collimated  and  therefore  the  intensity 
cut  by  a  diaphragm  is  small.  Thus  this  technique  can  be 
used  to  improve  the  resolution  in  the  high  energy  section 
of  TTF2. 

READ  OUT-SYSTEM 

The  beam  images  are  captured  by  digital  CCD  cam¬ 
eras.  All  the  cameras  are  connected  to  a  computer  run¬ 
ning  control  and  acquisition  software.  This  computer  acts 
as  a  image  server  controlling  the  cameras  and  providing 
live  beam  pictures  for  monitoring,  on-line  beam  profiles 
and  beam  widths,  as  well  as  high-resolution  images  for 
measurements,  and  low-resolution  images  for  documenta¬ 
tion.  It  also  takes  care  of  the  communication  with  the  TTF2 
control  system.  A  more  complete  description  of  the  image 
server  is  in  Ref.  [8]. 

Digital  IEEE1394  (firewire)  cameras  have  been  chosen, 
because  they  offer,  at  a  cost  comparable  to  their  analog 
counterparts,  several  advantages,  like  full  frame  resolution, 
remote  gain  and  shutter  control  and  a  triggered  acquisition 
mode.  A  further  advantage  is  a  simpler  cabling  topology, 
because  only  a  firewire  link  and  a  trigger  are  required,  no 


videomultiplexer  nor  frame  grabber  is  needed.  On  the  other 
hand,  there  is  no  experience  with  a  large  digital  camera 
system.  The  connection  of  almost  30  cameras  distributed 
along  the  linac  can  be  complicated,  because  the  maximum 
length  of  standard  firewire  connections  is  only  about  5  m. 
One  possibility  is  to  use  glass  fiber  optical  links  and  optical 
repeaters  for  long  distance  connections  and  hubs  to  connect 
locally  the  cameras  via  firewire  links.  Another  solution  is 
to  replace  the  optical  repeaters  by  compact  PC104  comput¬ 
ers  connected  to  the  image  server  via  a  local  ethemet.  In 
this  solution  each  computer  controls  a  limited  number  of 
cameras.  The  final  solution  for  TTF2  is  still  under  investi¬ 
gation. 

STATUS  AND  OUTLOOK 

All  the  vacuum  components  of  the  beam  profile  monitors 
are  ready  and  the  mounting  of  the  OTR  chambers  in  the 
linac  will  start  this  summer.  The  prototype  phase  of  the  op¬ 
tical  set-up  is  successfully  finished,  and  the  first  optical  set¬ 
ups  will  be  installed  and  commissioned  soon.  The  test  of 
the  digital  camera  system  continues  and  the  decision  of  the 
final  solution  for  the  connection  scheme  will  made  within 
a  few  months.  The  complete  OTR  beam  profile  monitor 
system  is  expected  to  be  in  operation  early  2004. 
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Abstract 

Stable  and  reliable  storage  ring  operation  critically  de¬ 
pends  on  the  orbit  stability.  At  Duke,  an  orbit  stability 
program  is  well  under  way  to  achieve  the  high  level  of  or¬ 
bit  performance  necessary  for  reliable  free  electron  laser 
(FEL)  and  gamma-ray  operation.  Progress  has  been  made 
to  reduce  the  current  dependency  of  BPM  readings  via 
choice  of  cables  and  band-pass  filters.  Beam  based  align¬ 
ment  has  been  carried  out  to  accurately  determine  the  loca¬ 
tions  of  quadrupole  centers.  A  global  orbit  correction  sys¬ 
tem  and  a  slow  orbit  feedback  system  have  been  developed. 
Integrated  with  operation,  these  systems  have  demonstrated 
the  ability  to  significantly  improve  the  overall  storage  ring 
performance. 

1  INTRODUCTION 

The  Duke  storage  ring  was  first  commissioned  in 
1993  [1]  with  a  minimal  set  of  beam  diagnostics.  In  spite 
of  its  rapid  successful  commissioning,  the  lack  of  beam  po¬ 
sition  monitor  (BPM)  system  adversely  impacted  the  high 
bunch-current  operation  and  subsequent  commissioning  of 
the  free  electron  laser  (FEL).  Purchased  from  Bergoz,  a  set 
of  34  BPM  electronics  modules  were  installed  in  1999  on 
the  storage  ring  [2].  The  initial  operation  of  the  BPM  sys¬ 
tem  resulted  in  limited  improvements  in  the  storage  ring 
operation. 

The  system  provided  relatively  reliable  orbit  measure¬ 
ments,  however,  BPM  readings  were  found  to  be  strongly 
dependent  on  the  beam  current.  Further  investigation  in¬ 
dicated  that  this  current  dependency  was  the  result  of  the 
overloading  of  BPM  electronics  due  to  a  high  peak  volt¬ 
age.  Steps  have  been  taken  to  address  this  problem  by  at¬ 
tenuating  BPM  pickup  signals.  Although  unfinished,  this 
work  has  significantly  improved  orbit  readings.  The  im¬ 
proved  BPM  system  has  allowed  the  development  and  ap¬ 
plication  of  a  reliable  global  orbit  correction  system.  With 
this  system,  we  are  able  to  store  a  high  single  bunch  cur¬ 
rent  consistently.  In  addition,  well-corrected  vertical  orbit 
has  significantly  lowered  transverse  coupling,  resulting  in 
improved  dynamic  aperture  and  FEL  operation.  A  slow  or¬ 
bit  feedback  system  has  also  been  developed.  Its  operation 
in  the  near  future  will  provide  the  long-term  orbit  stability 
necessary  for  optimal  FEL  and  gamma-ray  operation. 

In  the  following  sections,  we  first  report  our  work  on 
resolving  the  problem  of  beam  current  dependency  of 
BPM  readings.  We  then  present  the  beam-based  align¬ 
ment  scheme  used  to  determine  quadrupole  centers.  Fi¬ 
nally,  we  report  the  development  and  operation  experience 
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of  a  global  orbit  correction  system  and  a  slow  orbit  feed¬ 
back  system. 

2  BPM  SYSTEM  IMPROVEMENTS 

The  Duke  BPM  system  had  been  designed  to  maximize 
the  pickup  signals.  This  decision  had  resulted  in  choosing 
stripline  pickup  electrodes.  Two  types  of  stripline  BPM 
pickups  were  installed  on  the  Duke  ring:  arc  BPMs  with 
shorter  striplines  (21.6  mm)  and  smaller  inner  radii  (17.78 
mm)  and  straight  section  (SS)  BPMs  with  longer  striplines 
(30.5  mm)  with  larger  inner  radii  (30.5  mm).  Being  closer 
to  the  electronics  modules,  arc  BPMs  were  connected  with 
RG223-U  cables  while  straight  section  BPMs  were  con¬ 
nected  with  low  loss  1/4”  Helix  cables.  With  this  con¬ 
figuration,  orbit  readings  from  SS  BPMs  were  found  to 
be  strongly  dependent  on  the  single  bunch  current  (see 
Fig.  l.a). 


Beam  Current  [mA] 

Figure  1:  BPM  reading  variations  with  the  single-bunch 
current:  (a)  Helix  cables  were  used  for  straight  section 
BPMs  (including  S01QF  and  S05QF  BPMs)  while  RG223 
cables  were  used  for  arc  BPMs  (including  E16QF  and 
W12QF  BPMs);  (b)  RG223  cables  were  used  for  all  BPMs. 
In  addition,  20  MHz  band-pass  filters  were  used  for  E16QF 
and  W12QF  BPMs. 

The  raw  BPM  pickup  voltage  was  measured  at  tens  of 
volts  level  (0-1  GHz),  far  exceeding  the  5  V  threshold  al¬ 
lowed  for  the  multiplexer  in  the  Bergoz’s  electronics.  The 
severity  of  this  problem  was  altered  by  the  type  of  cables 
used,  for  the  cable  could  serve  as  an  effective  low  pass  fil- 
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ter  in  case  of  RG223  cables.  For  example,  the  arc  BPM 
readings  were  found  less  dependent  on  the  bunch  current 
(see  Fig.  l.a).  Further  improvements  were  realized  with 
band-pass  filters  installed  on  arc  BPMs  (see  Fig.  l.b).  With 
filters,  the  small  changes  in  arc  BPM  readings  could  be  at¬ 
tributed  to  the  real  orbit  motion  during  the  1.4  hour  test  run. 
The  maximum  BPM  reading  variations  in  various  configu¬ 
rations  are  summarized  in  Table  1. 


BPM  & 
location 

Before  upgrade 
(X,  Y)  1/xm] 

After  upgrade 
(X,Y)bm] 

Upgrade 

S01QF,  SS 

(4176,  206) 

(36,  8) 

RG223 

S05QF,  SS 

(2082, 292) 

(54,  24) 

RG223 

E16QF,  ARC 

(508, 60) 

(18, 10) 

BP  filter 

W12QF,  ARC 

(460,  93) 

(16,  9) 

BP  filter 

Table  1:  Maximum  BPM  reading  variations.  Before  up¬ 
grade,  I  =  10.5  to  5.5  mA;  after  upgrade,  I  =  10.2  to  3.3 
mA; 


Figure  2:  Measured  spectrum  power  at  178  MHz  for  both 
shorter  striplines  (arc  BPMs)  and  longer  striplines  (straight 
section  BPMs).  Two  segments  of  data  covering  a  large 
current  range  were  collected  from  single-bunch  and  multi¬ 
bunch  runs. 

The  Duke  storage  ring  operates  over  a  wide  beam  current 
range  with  several  bunch  patterns:  from  a  few  mA  to  tens 
of  mA  in  the  single-bunch  mode  and  from  tens  of  mA  to 
hundreds  of  mA  in  the  multi-bunch  mode.  To  achieve  opti¬ 
mal  BPM  operation  over  such  a  wide  range  of  currents,  it  is 
essential  to  find  a  proper  combination  of  cables  and  filters 
for  BPMs.  For  example,  a  large  insertion  loss  due  to  band¬ 
pass  filters  would  limit  the  usefulness  of  BPMs  at  the  low 
current  end  in  the  single-bunch  operation.  The  maximum 
allowed  power  loss  in  the  cable  and  filter  can  be  determined 
from  carefully  measured  power  spectra  (Fig.  2).  We  are  in 
the  process  of  finalizing  the  cable/filter  configuration  for 
both  types  of  BPMs . 

3  BEAM  BASED  ALIGNMENT 

The  desirable  closed  orbit  should  go  through  the  cen¬ 
ters  of  quadrupoles.  The  offset  between  the  quad  cen¬ 
ters  and  adjacent  BPM  centers  can  be  determined  using 
beam  based  alignment  (BBA)  techniques.  A  straightfor¬ 


ward  beam  based  alignment  method  used  in  the  ALS  [3] 
has  been  adopted  for  the  Duke  ring. 

Using  this  method,  a  corrector  steers  the  beam  orbit  in 
the  quad  under  measurement.  For  each  orbit,  the  focus¬ 
ing  strength  of  the  quad  is  varied  and  the  difference  orbit 
around  the  ring  is  then  recorded.  The  quad  center  is  de¬ 
fined  as  an  orbit  in  the  quad  at  which  the  focusing  strength 
adjustment  produces  no  orbit  changes  around  the  ring. 


..  Beam-based  Alignment:  BPM:N04QD:Y;  E  [MeV]  =  700, 1  [mA]  =  5.78 


Figure  3:  Finding  the  vertical  quad  center  using  a  Gaussian 
fit  for  quad  N04QD,  0y  =  12  m. 

Fig.  3  shows  the  measurement  of  the  N04QD  quad  ver¬ 
tical  center.  Each  BPM  produces  its  own  estimate  for  the 
quad  center.  The  distribution  of  possible  quad  centers  com¬ 
puted  using  all  BPM  data  is  then  fitted  to  a  Gaussian  form. 
In  this  example,  the  standard  deviation  of  the  Gaussian  fit 
is  about  10  /Jin.  Fig.  4  shows  the  measured  quad  centers 
around  the  ring  using  a  700  MeV  beam.  The  maximum 
and  average  sigmas  for  arc  BPMs  are  120  and  70  fim  re¬ 
spectively  with  a  smaller  /3-function,  0y  =  1.8  m. 


Figure  4:  Measured  vertical  offsets  between  quad  centers 
and  adjacent  BPM  centers  with  a  700  MeV  beam. 

4  GLOBAL  ORBIT  CORRECTION 

Like  many  high  level  controls  for  the  Duke  ring,  the 
global  orbit  correction  was  developed  in  MATLAB.  The 
correction  algorithm  is  the  singular  value  decomposition 
(SVD).  It  utilizes  31  BPMs,  54  horizontal  and  25  vertical 
correctors.  With  a  reasonably  updated  response  matrix,  the 
correction  algorithm  settles  down  in  2  to  3  iterations.  After 
the  correction,  the  residual  vertical  orbit  is  small:  the  ver¬ 
tical  orbit  has  a  sigma  of  about  80  /rm  at  injection  energy 
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of  274  MeV  and  a  sigma  of  about  60  /xm  at  700  MeV  at 
which  the  BBA  is  performed. 

A  well-corrected  orbit  significantly  improves  the  ring 
performance.  First  of  all,  it  helps  increase  the  beam  life¬ 
time.  Second,  by  suppressing  the  skew  quad  excitation  in 
sextupole  elements,  a  good  vertical  orbit  helps  significantly 
reduce  the  transverse  coupling.  For  example,  when  cor¬ 
recting  the  vertical  orbit  from  1.2  mm  to  0.1  mm  (RMS), 
the  vertical  -function  is  reduced  from  20  mm  to  4  mm 
(RMS).  Third,  a  good  vertical  orbit  suppresses  the  exci¬ 
tation  of  head-tail  instabilities,  allowing  storage  of  higher 
single-bunch  current,  which  is  essential  for  the  FEL  and 
Compton  gamma-ray  operation. 

The  global  orbit  correction  has  been  fully  integrated  with 
the  machine  setup  and  operation.  Whenever  needed,  this 
tool  can  be  used  to  correct  the  orbit  drift  to  maintain  a  good 
orbit.  This  practice  has  resulted  in  significant  improvement 
in  the  reliability  of  the  storage  ring  operation. 


5  SLOW  ORBIT  FEEDBACK 


To  achieve  a  higher  level  of  orbit  stability,  an  active  orbit 
feedback  is  necessary.  A  slow  orbit  feedback  system  has 
been  developed  for  the  Duke  ring  via  optimization  of  the 
global  orbit  correction  program  described  above.  This  sys¬ 
tem  is  capable  of  correcting  orbit  up  to  4  times  per  second. 
Fig.  5  shows  the  effectiveness  of  the  slow  orbit  feedback. 
First,  the  orbit  feedback  system  ran  for  about  one  hour, 
maintaining  the  straight  section  orbit  to  less  than  10  \x m 
(peak-to-peak).  Later,  the  feedback  was  turned  off  and  the 
orbit  started  to  drift  with  maximum  horizontal  orbit  drift 
exceeding  100  /im  in  the  next  45  minutes. 


28-Jan-2003  Orbit  Feedback  Test,  700  MeV,  2  Hz 
RMS  [SID.  S2F,  S4F,  S5D]  =  [2.1,  2.4, 2.3, 3]  jato,  p2p(10min)  =  8.9  nm 


Time  [s] 


Figure  5:  Orbit  stability  with  a  slow  orbit  feedback  system. 
All  4  BPMs  are  located  in  the  straight  section  with  large 
/^-functions. 

It  is  worth  pointing  out  that  the  typical  beam  sizes  in 
the  straight  section  are  300  and  60  /xm  (RMS)  respectively. 
The  ability  to  maintain  orbit  stability  within  10%  of  the 
beam  sizes  will  significantly  improve  the  light  source  oper¬ 
ation  and  enhance  user  capabilities.  For  example,  both  the 
FEL  and  Compton  gamma-ray  operation  requires  a  good 
transverse  alignment  of  the  optical  pulse  with  the  elec¬ 


tron  beam  orbit  in  the  interaction  region.  By  sustaining 
a  good  e-beam  orbit  continuously,  aligning  the  optical  axis 
with  a  fixed  beam  orbit  becomes  a  much  easier  task.  For 
gamma-ray  users,  the  stable  beam  orbit  angle  means  a  sta¬ 
ble  on-target  gamma-ray  energy  after  the  collimator.  A 
higher  level  of  orbit  stability  also  significantly  simplifies 
and  improves  the  two-color  biological  and  chemical  ex¬ 
periments  using  both  infrared  synchrotron  radiation  from 
bending  magnets  and  UV  radiation  from  the  FEL. 

The  orbit  feedback  has  been  tested  in  several  operation 
conditions.  Since  the  feedback  system  utilizes  a  fixed  re¬ 
sponse  matrix,  it  is  important  to  find  out  whether  it  can 
maintain  its  effectiveness  when  the  ring  lattice  is  some¬ 
what  changed.  The  feedback  was  tested  with  abrupt  orbit 
changes,  lattice  tuning,  and  field  strength  tuning  of  the  FEL 
wigglers.  The  test  result  indicated  that  the  feedback  system 
was  able  to  adapt  to  these  operation  environments. 

Our  ultimate  goal  is  to  allow  transparent  storage  ring  op¬ 
eration  with  the  orbit  feedback  running  in  the  background. 
Mechanisms  have  been  developed  to  automatically  switch 
off  the  feedback  during  energy  and  lattice  ramping  and 
when  there  is  not  enough  beam  current.  In  addition,  at 
restart,  the  feedback  system  will  select  and  load  in  an  ap¬ 
propriate  response  matrix  suitable  for  the  present  lattice. 
This  sophisticated  feedback  system  will  be  fully  commis¬ 
sioned  after  the  current  dependence  problem  of  the  BPMs 
is  completely  addressed. 

6  SUMMARY 

The  current  dependency  of  BPM  readings  has  been 
found  to  be  caused  by  overloading  BPM  electronics  with 
a  high  peak  voltage.  Using  low-pass  cables,  this  problem 
has  been  reduced  to  a  manageable  level.  Further  improve¬ 
ment  is  expected  as  the  result  of  an  on-going  effort  to  find 
an  optimal  configuration  of  cables  and  band-pass  filters. 

The  quad  centers  have  been  accurately  determined  us¬ 
ing  a  beam  based  alignment  technique.  This  work  has 
paved  the  way  for  the  development  of  a  global  orbit  cor¬ 
rection  scheme  using  SVD.  Integrated  with  operation,  the 
orbit  correction  system  has  significantly  improved  the  over¬ 
all  storage  ring  operation.  A  slow  feedback  system  is  be¬ 
ing  tested  to  maintain  long-term  orbit  stability.  This  system 
will  simplify  the  light  source  operation  and  further  improve 
the  light  source  performance. 

We  would  like  to  thank  I.  Pinayev  at  DFELL  for  provid¬ 
ing  reference  orbit  measurement  using  his  optical  BPM  and 
S.  Hartman  at  DFELL  for  significantly  improving  the  BPM 
readback  system.  We  also  would  like  to  thank  Jim  Hinkson 
at  GMW  for  advice  and  help  on  resolving  the  BPM  elec¬ 
tronics  overloading  problem. 
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Abstract 

At  the  Duke  FEL  Lab,  we  have  developed  a  new  storage 
ring  control  system  in  terms  of  the  physics  quantities  of  the 
accelerator.  Instead  of  controlling  power  supply  currents 
in  Amperes,  this  system  controls  the  effective  focusing  of 
magnets.  By  directly  controlling  the  physics  quantities, 
this  control  system  allows  tighter  integration  of  the  physics 
model  based  high  level  controls  with  the  EPICS  based  low- 
level  controls.  EPICS  events  have  been  extensively  used  to 
provide  time  synchronization  during  the  energy  and  lattice 
ramping.  This  new  control  system  also  facilitates  the  im¬ 
plementation  of  multiple  functions  on  shared  control  chan¬ 
nels.  As  a  result,  the  physics  based  control  system  simpli¬ 
fies  many  complex  control  tasks,  improves  the  beam  stabil¬ 
ity  during  ramping,  and  facilitates  machine  studies.  With 
better  understanding  of  the  accelerator,  it  is  possible  to  fine 
tune  this  control  system  to  present  users  with  a  virtual  ac¬ 
celerator  whose  operation  is  independent  of  the  ring  energy. 

1  INTRODUCTION 

The  development  of  modem  accelerator  control  systems 
has  displayed  several  emerging  trends.  First,  instead  of 
reinventing  the  wheel,  a  modem  accelerator  control  sys¬ 
tem  is  typically  developed  based  upon  a  mature  and  labora¬ 
tory/industrial  standard  software  infrastructure.  The  com¬ 
monly  used  software  infrastructure  is  Experimental  Physics 
and  Industrial  Control  System  (EPICS)[1].  EPICS  pro¬ 
vides  a  set  of  software  tools  and  applications  which  can  be 
customized  to  build  distributed  real-time  control  systems. 
Second,  the  high  level  controls  are  developed  in  a  versatile 
computation  environment.  The  high  level  physics  controls 
require  a  flexible  programming  environment  with  built-in 
mathematics  and  graphics  capabilities  to  allow  rapid  proto¬ 
typing,  testing,  and  system  integration.  An  increasing  num¬ 
ber  of  accelerator  facilities  have  adopted  MATLAB[2]  as 
their  preferred  software  for  developing  high  level  controls. 
Using  an  interface  with  the  EPICS  channel  access,  MAT- 
LAB  works  seamlessly  with  the  EPICS  based  control  sys¬ 
tem.  Third,  the  accelerator  control  system  is  increasingly 
integrated  with  the  physics  simulation  model.  The  physics 
model  for  accelerators  has  become  more  accurate  in  pre¬ 
dicting  the  beam  motion  thanks  to  significant  advances  in 
accelerator  physics  in  the  last  decade.  For  charged  particle 
optics  studies,  a  number  of  simulation  codes  have  been  de¬ 
veloped  and  some  of  them  have  been  designed  with  the  aim 
of  integrating  with  the  accelerator  control  system.  For  ex¬ 
ample,  the  PASCAL  version  of  TRACY  [3]  was  developed 

*  Work  Supported  by  the  DoD  MFEL  Program  as  managed  by  the 
AFOSR,  gram  F49620-00 1-0370. 

t  wu@fel.duke.edu,  1-919-660-2654  (phone). 


as  an  interactive  toolkit  for  storage  ring  commissioning  and 
tuning.  More  recently,  Accelerator  Toolbox  (AT)  [4]  has 
been  developed  as  a  MATLAB  toolkit  to  allow  even  closer 
integration  between  the  physics  model  and  control  system. 


EPICS 

High  Level  Controls 

Simulation  Model 
(Example,  AT) 

High  Level  Tools 

(Shell-Level) 

(MATLAB -CA) 

i'MATTAR’i 

Physical  Quantities 

™  Channel  Access 


EPICS  Realtime  System 
Engineering  Quantities 


Figure  1:  A  layout  of  a  typical  integrated  accelerator  con¬ 
trol  system. 

These  trends  lead  to  a  very  flexible  but  yet  very  powerful 
accelerator  control  system  as  illustrated  in  Fig.  1.  While 
MATLAB  served  as  a  magic  glue  for  this  integrated  sys¬ 
tem,  there  is  an  apparent  mismatch  between  the  physics 
model  and  the  the  real-time  control  system.  The  simula¬ 
tion  model  works  in  the  physics  phase  space,  for  example, 
using  effective  focusing  strengths  for  magnets.  The  real¬ 
time  control  system  is  typically  developed  in  the  engineer¬ 
ing  space,  for  example,  controlling  magnet  power  supplies 
in  Amperes.  The  mapping  between  the  focusing  strength 
and  the  power  supply  current  is  typically  handled  by  an 
add-on  high-level  program,  resulting  in  a  reduced  flexibil¬ 
ity  and  efficiency. 

Addressing  this  deficiency,  we  have  recently  developed 
and  commissioned  a  new  control  system  for  Duke  storage 
ring  based  upon  the  physics  quantities.  This  new  approach 
has  simplified  many  complex  operation  tasks  and  resulted 
in  a  virtual  accelerator  directly  controlled  in  the  physics 
space. 

2  PHYSICS  QUANTITY  BASED 
ACCELERATOR  CONTROLS 

The  physics  quantity  based  control  requires  accurate 
measurement  data  to  perform  mapping  between  physics 
and  engineering  quantities.  For  magnet  controls,  measured 
magnetic  fields  data  are  used  to  map  effective  focusing 
strengths  to  power  supply  settings. 

The  physics  quantity  based  control  leads  new  ways  to 
implement  key  control  functionalities.  First,  it  allows  the 
development  of  new  synchronization  methods  for  energy 
and  lattice  ramping.  For  example,  the  energy  ramping  in 
the  storage  ring  can  be  achieved  by  stepping  up  a  single 
knob,  the  energy  knob,  while  all  necessary  power  supplies 
will  be  updated  accordingly  in  order  to  maintain  the  ef¬ 
fective  focusing  for  magnets.  Second,  the  physics  quan- 
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tity  based  control  facilitates  the  implementation  of  feed¬ 
forward  and  feedback  controls.  For  example,  a  corrector 
magnet  control  can  be  split  into  two  soft  control  channels, 
one  used  for  closed-orbit  correction  and  the  other  used  in 
the  orbit  feedback  system.  In  the  following,  we  will  ad¬ 
dress  these  issues  in  detail  using  the  new  Duke  storage  ring 
control  system  as  an  example. 

2.1  K-Value  to  Current  Mapping 

The  most  important  physics  quantities  for  storage  ring 
operation  are  the  ring  energy  and  effective  focusing  of 
dipoles,  quadrupoles,  and  sextupoles.  These  quantities  are 
also  used  in  the  simulation  models.  In  the  Duke  storage 
ring  control  system,  the  following  quantities  are  controlled 
directly: 

•  Ring  energy:  E  [MeV]; 

•  Dipoles,  trim  controls:  K0,  or  $  [mrad]; 

•  Quadrupoles,  main  and  trim  controls:  Ki  [m-2]; 

•  Sextupoles,  main  and  trim  controls  :  K 2  [m-3]; 

•  Orbit  correctors:  Kq,  or  6  [mrad]. 

As  an  example.  Fig.  2  illustrates  the  control  of  a  quadrupole 
in  our  system.  Changes  in  either  the  ring  energy  or  the  K\- 
value  of  a  quadrupole  will  result  in  the  execution  of  this 
portion  of  the  control.  Magnetic  measurement  data  are  an¬ 
alyzed  to  provide  a  lookup  table  to  map  the  product  of  the 
energy  and  K\  to  a  proper  current  setting,  which  is  sub¬ 
sequently  set  to  the  power  supply.  This  approach  also  fa¬ 
cilitates  the  control  of  more  complex  magnetic  elements. 
For  example,  combined  function  quad-sextupoles  are  em¬ 
ployed  in  the  Duke  ring  by  asymmetrically  driving  inner 
and  outer  quadrupole  coils  with  two  different  currents  [5], 
The  sextupole  field  feed-down  effects  are  properly  taken 
into  account  by  mapping  the  energy,  Kl9  K2  to  two  power 
supply  currents. 


Figure  2:  Mapping  the  energy  and  K\  to  the  current. 

Like  quadrupoles,  the  current  settings  for  dipoles,  cor¬ 
rectors,  and  sextupoles  are  properly  updated  whenever  the 
ring  energy  and/or  relevant  K- values  are  changed.  By  mov¬ 
ing  the  K-value-to-current  mapping  down  to  the  lowest 
level  of  control  in  the  Input  Output  Controller  (IOC),  the 
mapping  efficiency  is  improved.  It  also  eliminates  the  po¬ 
tential  need  to  implement  multiple  copies  of  the  same  map¬ 
ping  algorithm  on  different  platforms  for  high  level  con¬ 
trols.  Most  importantly,  it  allows  the  lattice  ramping  to 
follow  the  K-value  curve  instead  of  the  raw  current  curve, 
minimizing  the  tune  changes  during  ramping. 


2.2  Energy  and  Lattice  Ramping 

Due  to  the  lack  of  a  full  energy  injector  at  Duke,  most 
user  operations  require  energy  ramping.  The  energy  ramp¬ 
ing  is  performed  relatively  frequently  due  to  a  somewhat 
short  beam  lifetime  (1-3  hours)  in  main  operation  modes. 
The  beam  lifetime  is  limited  due  to  a  high  peak  current 
in  1 -bunch  free  electron  laser  (FEL)  operation  and  in  2- 
bunch  gamma-ray  operation.  In  addition  to  energy  ramp¬ 
ing,  lattice  ramping  is  also  commonly  performed  for  FEL 
wiggler  adjustment  and  lattice  tuning.  The  physics  quan¬ 
tity  based  control  leads  to  a  more  reliable  software  based 
ramping  scheme. 

Traditionally,  the  ramping  synchronization  in  a  storage 
ring  is  provided  by  either  a  hardware  system  or  the  high- 
level  control  software.  While  providing  a  high  level  of 
synchronization,  the  hardware  based  approach  is  complex, 
expensive,  and  less  flexible.  The  software  based  synchro¬ 
nization  is  flexible  and  has  been  found  to  be  adequate  for 
many  storage  rings.  The  downside  of  this  approach  is  that 
its  timing  is  less  precise  and  consistent  due  to  performance 
variations  of  the  local  area  network,  control  workstation, 
and  high  level  software. 


Figure  3:  Event-chain  in  the  Duke  ring  control  system. 

In  contrast,  the  physics  quantity  based  control  facilitates 
the  development  of  a  new  type  of  software  based  synchro¬ 
nization  scheme  using  EPICS  events.  For  example,  an 
energy  event  generated  by  a  master  IOC  is  propagated  to 
all  related  IOCs  to  signal  an  energy  change.  Within  an 
IOC,  this  event  triggers  the  update  of  all  necessary  database 
records,  resulting  in  ramping  relevant  hardware.  Carried 
out  in  the  real-time  system,  the  precision  of  this  softwared 
based  synchronization  is  significantly  improved,  especially 
for  the  case  when  all  IOCs  are  connected  to  a  way  to  mini¬ 
mize  the  unrelated  network  traffic. 

Fig.  3  shows  the  actual  implementation  of  the  EPICS 
event-chain  for  the  Duke  ring.  The  event  based  synchro¬ 
nization  is  chosen  to  provide  flexibility  for  updating  a  large 
number  of  channels  while  minimizing  the  network  traffic. 
The  energy  event  causes  the  generation  of  next-level  events 
to  update  dipole  trims,  the  main  dipole,  quadrupoles,  etc. 
This  multi-layer  event-chain  system  is  very  flexible  for  syn¬ 
chronizing  a  large  number  of  distributed  controls  during 
ramping.  For  example,  using  the  arc  QF  event,  both  the  en¬ 
ergy  ramping  and  lattice  ramping  (changes  in  K\ )  can  be 
performed  simultaneously. 
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2.3  Multiple  Functions  of  Shared  Controls 

In  many  circumstances,  a  piece  of  hardware  has  to  be 
shared  by  several  high-level  systems.  For  example,  a 
quadrupole  or  a  dipole  corrector  can  be  used  both  in  the  su¬ 
pervisory  control  and  in  the  feedback  or  feedforward  con¬ 
trol.  Fig.  4  demonstrates  the  shared  control  of  a  dipole  trim 
in  the  Duke  ring  for  the  following  purposes:  (1)  compensat¬ 
ing  for  the  difference  in  integrated  field  strength  (feedfor¬ 
ward);  (2)  correcting  the  closed  orbit  (supervisory  control); 

(3)  performing  orbit  feedback.  Because  these  three  types 
of  control  functions  are  performed  in  the  physics  space,  a 
simple  sum-junction  is  used  to  add  together  the  total  de¬ 
flection  angle  6tot  which  is  then  mapped  to  the  trim  cur¬ 
rent.  When  operated  at  1.0  GeV  and  above,  dipole  magnets 
become  highly  saturated,  resulting  in  a  nonlinear  map  be¬ 
tween  the  deflection  angle  and  corrector  current.  The  field 
saturation  in  the  quad-sextupoles  is  even  more  complex  in 
the  Duke  ring.  Consequently,  without  the  physics  quantity 
based  control,  this  type  of  shared  controls  of  a  nonlinear 
device  is  very  difficult  to  implement  in  the  high-level. 


Figure  4:  Multiple  controls  of  a  shared  dipole  trim. 

3  PERFORMANCE 

The  present  Duke  storage  ring  control  system  consists 
of  about  four  thousand  EPICS  channels.  Twelve  hundred 
(1200)  of  them,  concentrated  in  two  IOCs,  are  associated 
with  the  energy  and  lattice  ramping.  When  optimized,  all 
these  channels  can  be  updated  at  a  5  Hz  rate,  fully  syn¬ 
chronized  by  the  EPICS  events.  The  maximal  ramp  rate 
is  limited  by  the  IOC  CPU  load,  reaching  a  peak  value  of 
70%  during  ramping  compared  with  non-ramping  load  of 
about  10%.  The  ramping  IOCs  are  relatively  old  computers 
(MVME167  single  board  computers)  with  a  33  MHz  CPU. 
We  expect  that  a  higher  ramping  rate  can  be  achieved  using 
faster  IOCs,  such  as  Motorola  Power  PC  boards  with  200 
MHz  to  1  GHz  CPUs. 

With  the  physics  quantities  base  control,  the  stability  of 
beam  orbit  and  beam  size  has  been  significantly  improved 
during  ramping.  The  measured  beam  orbit  is  shown  in 
Fig.  5  for  the  energy  ramping  from  350  MeV  to  1  GeV. 
Horizontally,  the  maximum  and  RMS  orbit  changes  are 


1. 11  mm  and  0.24  mm.  Vertically,  the  maximum  and  RMS 
orbit  changes  are  0.54  mm  and  0.13  mm. 


Figure  5:  Beam  orbit  in  the  wiggler  straight  section  during 
energy  ramping.  Solid  and  dot-dashed  lines  are  horizontal 
and  vertical  orbits,  respectively. 


4  CONCLUSION 

We  would  like  to  summarize  the  main  benefits  of  a 
physics  based  control  system  as  follows: 

•  providing  closer  integration  between  the  simulation 
model  and  accelerator  control  system; 

•  simplifying  and  improving  the  energy  and  lattice 
ramping; 

•  assisting  the  development  of  feedback  and  feedfor¬ 
ward  systems  via  shared  functional  controls; 

•  allowing  independent  development  of  high  level  con¬ 
trols  regardless  of  the  low  level  details; 

•  simplifying  extrapolating  new  lattice  with  different 
energies  using  an  existing  lattice. 

These  advanced  features  are  great  assets  in  improving  the 
storage  ring  operation  efficiency  and  reliability  and  ex¬ 
tremely  useful  in  machine  studies.  With  better  under¬ 
standing  of  the  magnetic  field  hysteresis  and  saturation, 
the  physics  based  control  can  be  fine  tuned  to  present  the 
user  with  an  invariant  virtual  accelerator  whose  operation  is 
transparent,  portable,  and  independent  of  the  beam  energy. 

Finally,  we  would  like  to  thank  V.  Litvinenko  for  his 
encouragement  and  support  and  J.  Li  for  his  assistance  in 
measuring  the  control  system  performance. 
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THE  SNS  LINAC  WIRE  SCANNER  SYSTEM* 
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Abstract 

The  linac  wire  scanner  system  for  the  Spallation 
Neutron  Source  (SNS)  at  Oak  Ridge,  TN,  calls  for  5  units 
in  the  medium  energy  beam  transport  (MEBT),  5  in  the 
drift  tube  linac  (DTL),  8  in  the  coupled  cavity  linac 
(CCL),  and  13  in  the  high  energy  beam  transport  (HEBT). 
The  actuators  are  a  custom  design  fabricated  by 
Huntington  Mechanical  Laboratories.  Four  different 
strokes  are  required  to  cover  the  above  areas.  The 
electronics  are  designed  and  fabricated  by  Los  Alamos 
National  Laboratory  (LANL).  In  this  paper  we  will 
discuss  the  design  of  the  actuators  and  the  electronics, 
positioning  accuracy  tests  of  the  actuators,  and  also  show 
results  from  beam  measurements  taken  during  the  MEBT 
commissioning  at  Oak  Ridge  National  Laboratory. 

OVERVIEW 

In  the  Spallation  Neutron  Source  (SNS)  facility,  H  beams 
will  be  accelerated  to  2.5  MeV  in  an  RFQ,  to  87  MeV  in  a 
drift  tube  linac  (DTL),  to  1 86  MeV  in  a  coupled  cavity 
linac,  and  finally  to  1000  MeV  in  a  superconducting  linac 
(SCL).  The  60-Hz,  1-ms,  36-mA  peak-current  beam 
pulses  are  chopped  into  690-ns  long  segments  with  a  1  ps 
period  to  give  an  average  current  of  1 .4  mA  and  an 
average  beam  power  of  1 .4  MW. 

Linac  wire  scanner  systems  are  installed  in  the  MEBT 
(5  units),  the  DTL  (5  units),  the  CCL  (8  units),  and  the 
HEBT  (13  units).  Similar  actuators  but  different  signal 
processing  electronics  are  used  in  the  ring  and  ring-to- 
target  beam  transport  (RTBT)  areas. 

A  pivoting  style  of  actuator  was  originally  developed 
[1]  for  the  SCL,  but  for  this  portion  of  the  linac  it  was 
later  decided  to  install  laser  profile  monitors  [2]  instead. 
A  large  part  of  this  decision  was  based  on  the  concern  of 
broken  wire  fragments  contaminating  the  super 
conducting  cavities. 

ACTUATORS 

The  wire  scanner  actuators  in  the  DTL,  CCL,  and 
HEBT  areas  are  based  on  custom-designed  linear 
actuators  from  Huntington  Mechanical  Laboratories,  Inc. 
Three  carbon  wires,  32  microns  in  diameter,  are  mounted 
to  each  wire  scanner  fork  to  measure  the  beam  profile  in 
three  different  planes.  The  wires  are  offset  from  each 
other  so  that  no  more  than  one  wire  at  a  time  is  within 
±2  rms  of  the  beam  center.  A  special  collet  design, 
developed  at  LANL,  is  used  to  hold  the  wires  in  place 
with  a  small  amount  of  tension  to  accommodate  thermal 
expansion  and  contraction. 

The  stroke  of  the  DTL  actuators  is  6  inches,  for  the 
CCL  it  is  3  inches,  and  for  the  HEBT  it  is  8  inches.  The 

♦Work  supported  by  the  Office  of  Science  of  the  US  Department  of 
Energy. 


actuators  are  fabricated  using  bellows  rated  for  50,000 
cycles  to  accommodate  the  30,000  cycle  estimate  of  the 
maximum  number  of  cycles  over  the  30-year  lifetime  of 
the  facility.  Radiation-hardened  coaxial  connectors  and 
linear  variable  differential  transformer  (LVDT)  position 
read  back  devices  are  also  used  to  accommodate  the 
10  Gy  estimate  of  the  maximum  dose  to  an  actuator  over 
the  same  facility  lifetime. 

Each  actuator  also  has  a  brake  and  five  limit  switches. 
One  limit  switch  at  each  end  is  for  motion  control,  two 
redundant  limit  switches  in  series  at  the  retracted  end  are 
for  the  machine  protect  system,  and  the  last  limit  switch, 
at  the  inserted  end,  is  provided  for  potential  future 
purposes.  Each  actuator,  including  the  fork  and  the  collet 
wire  mounts,  costs  about  $6,500.  A  photograph  of  a  DTL 
actuator  is  shown  in  Fig.  1. 


Fig.  1 .  (color)  Photograph  of  a  6-inch  stroke  actuator. 

Although  carbon  wires  can  withstand  higher  beam 
intensities  than  other  wire  types,  the  linac  duty  factor 
must  still  be  reduced  when  using  the  wire  scanners.  The 
linac  beam  parameters  are  expected  to  stabilize  after  about 
30  ps,  and  so  a  beam  pulse  length  of  about  50  ps  is  a 
minimum  requirement  for  the  wire  scanner  systems.  For 
the  nominal  beam  current  of  26  mA  average,  the  carbon 
wires  will  remain  below  the  1225  °C  temperature  limit  [3] 
(needed  to  avoid  signal  contamination  due  to  thermionic 
emission)  as  long  as  the  beam  pulses  are  less  than  50  ps 
long  and  the  repetition  rate  is  10  Hz  or  less,  in  all  areas 
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Step  number 

Fig.  2.  (color)  Measured  position  of  the  6-inch  prototype 
actuator  vs.  step  number. 


except  the  MEBT,  where  the  repetition  rate  limitation  is 
1  Hz. 

Of  course  actuator  positioning  accuracy  is  a  critical 
component  of  the  accuracy  of  a  beam  size  or  beam 
position  measurement  [4].  The  SNS  requirement  is  to 
measure  the  rms  beam  size  with  an  accuracy  of  10%  or 
better.  To  meet  this  requirement,  assuming  a  relative 
electronic  signal  processing  error  of  1%,  an  absolute 
signal  processing  error  of  2%  of  the  maximum  signal,  and 
no  beam  jitter,  the  DTL  actuator  positioning  error  should 
be  less  than  0.4  mm,  and  the  CCL  actuator  positioning 
error  should  be  less  than  0.3  mm  [4]. 

We  measured  the  positioning  errors  of  the  prototype 
DTL  and  CCL  actuators  by  mounting  the  actuators  in  the 
vertical  orientation  and  suspending  a  5  kg  weight  from 
each  actuator  to  simulate  the  vacuum  load.  Each  actuator 


was  moved  in  a  series  of  equal-length  steps  by  issuing  a 
certain  number  of  pulses  to  the  stepper  motor  for  each 
step.  After  each  step  we  used  two  theodolites  to  measure 
the  horizontal  and  vertical  positions  of  an  alignment  target 
mounted  to  the  ends  of  the  actuators.  Before  making  any 
of  these  position  accuracy  measurements  we  cycled  each 
actuator  more  than  2000  times  with  the  5  kg  weight 
attached.  Shown  in  Fig.  2  is  the  plot  of  the  measured 
actuator  position  vs.  the  number  of  pulses  issued  to  the 
stepper  motor  on  the  6-inch  actuator.  The  result  [5]  is  an 
effective  positioning  accuracy  of  0.11  mm  for  the  6-inch 
DTL  actuator,  and  0.15  mm  for  the  3-inch  CCL  actuator. 

ELECTRONICS 

The  electronics  package  consists  of  an  4.4-cm  tall  (1U) 
signal  processor  chassis,  an  8.9-cm  tall  (2U)  driver 
chassis,  and  a  17.8-cm  tall  (4U)  rack-mounted  PC.  A 
block  diagram  is  shown  in  Fig.  3. 

The  signal  processor  has  several  functions:  1)  it  applies 
a  high  voltage  bias  (up  to  100  V)  to  the  wire  scanner 
wires;  2)  it  detects  broken  wires  by  sensing  a  change  in 
the  voltage  drop  due  to  the  1 80  k£2  resistors  electrically 
connected  to  the  opposite  ends  of  the  signal  wires  and 
mounted  directly  to  BNC  connectors  on  the  actuators;  3) 
it  ac-couples  the  wire  signals  to  current-to-voltage 
converters  with  three  gain  ranges;  4)  it  delivers  the  36- 
kHz  bandwidth-limited  signals  to  the  National 
Instruments  PCI-6110  data  acquisition  card  in  the  PC;  and 
5)  it  contains  a  software-controlled  built  in  self  test  circuit 
that  injects  a  test  pulse  into  the  front  end  circuitry.  The 


Fig.  3.  (color)  A  block  diagram  of  the  linac  wire  scanner  system. 
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signal  processor  chassis  also  employs  a  Lab  Jack®  U12 
module  to  monitor  critical  system  voltages  and  send  the 
results  to  the  PC  via  a  USB  port  on  the  PC.  Some 
measured  specifications  are  shown  in  Table  1,  and  a 
photograph  of  the  signal  processor  chassis  is  shown  in 
Fig.  4. 


Table  L  Signal  processor  specifications. 


Minimum  signal 

1 6  nA  at  high  gain 

Maximum  signal 

2.1  mAatlow  gain 

No.  gain  ranges 

3,  separated  by  18  dB 

Linearity 

<0.004%  of  full  scale  output 

Rise/fall  time 

8  ns 

The  driver  chassis  interfaces  to  the  National 
Instruments  PCI-7344  motion  control  card  in  the  PC  and 
controls  the  stepper  motor  and  the  brake  via  the  National 
Instruments  MID-7602  stepper  motor  driver  module.  The 
chassis  also  contains  the  Macrosensors  LVC-2401  signal 
conditioner  for  the  rad-hard  Macrosensors  PR-750  series 
LVDT  mounted  on  the  actuator.  Although  the  LVDT 
linearity  specifications  are  quite  good  (<0.25%  of  full 
range),  it  does  not  measure  the  actuator  position  as 
accurately  as  simply  counting  the  pulses  issued  to  the 
stepper  motor.  Its  function  is  therefore  limited  to  checking 
that  the  actuator  is  operating  properly. 


Fig.  4.  (color)  Photo  of  the  signal  processor  chassis. 


A  second  type  of  driver  chassis  has  been  designed 
based  on  the  Phytron  CLD  20-24  linear  stepper  motor 
driver.  The  two  types  of  chassis  have  been  designed  to  be 
functionally  equivalent,  however  we  expect  that  the  linear 


Fig.  5.  (color)  A  sample  wire  scanner  measurement  taken 
in  the  SNS  MEBT. 


stepper  motor  driver  will  produce  less  electromagnetic 
noise  than  the  MID-7602  chopper  driver.  The  two  chassis 
types  will  be  tested  in  the  realistic  beam  environment 
during  the  coming  year,  and  then  a  down  select  decision 
will  be  made. 

The  rack-mounted  PC  contains  three  PCI  cards:  1)  a 
National  Instruments  PCI-6110,  4-channel,  5-MS/s,  12-bit 
data  acquisition  card;  2)  a  National  Instruments  PCI-7344 
motion  control  card;  and  3)  a  custom-made  PCI  timing 
card  to  interface  to  the  SNS  global  timing  system.  We’ve 
chosen  to  use  either  embedded  Windows  2000  or 
Windows  XP  for  the  operating  system,  Lab  VIEW  for  the 
data  acquisition  and  motion  control  software,  plus  some 
custom-designed  software  to  allow  each  PC  to  appear  to 
the  EPICS  control  system  as  an  Input-Output  Controller 
(IOC). 

PERFORMANCE 

The  electronics  were  first  installed  in  the  MEBT  portion 
of  the  SNS  linac  together  with  the  MEBT  actuators  (not 
described  in  this  paper)  developed  by  Brookhaven 
National  Laboratory.  The  first  measurements  with  beam 
were  made  in  February  2002  at  Lawrence  Berkeley 
National  Laboratory.  A  sample  profile  measurement  from 
the  recent  Winter  2002-3  commissioning  period  at  ORNL 
is  shown  in  Fig.  5.  The  data  are  smooth  and  well 
described  by  a  Gaussian  fit  to  the  core  of  the  beam.  The 
measured  beam  sizes  also  agree  well  with  optics  models 
of  the  MEBT  and  with  laser  profile  measurements  made 
concurrently  with  the  wire  scanner  measurements. 

Two  more  wire  scanner  systems,  for  the  first  DTL  tank 
and  the  D-plate,  have  recently  been  installed,  and  in  the 
next  year  we  will  install  the  remainder  of  the  DTL  and 
CCL  systems.  The  HEBT  system  installations  will  take 
place  in  summer  2004,  and  this  will  complete  the  linac 
wire  scanner  system  installation. 
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Abstract 

Synclite,  the  beam  monitor  in  the  Fermilab  Tevatron  us¬ 
ing  synchrotron  light  is  described.  The  calibration,  moni¬ 
toring  and  performance  of  the  system  is  discussed.  Obser¬ 
vation  of  some  effects  of  long  range  beam-beam  interac¬ 
tions  seen  in  the  beam  monitor  will  be  presented  as  well  as 
a  measurement  of  DC  beam  in  the  Tevatron. 

INTRODUCTION 

Synchrotron  light  emitted  at  the  edge  of  a  dipole  magnet 
has  a  significantly  larger  intensity  in  shorter  wavelengths 
than  that  emitted  in  an  uniform  field  [1,2].  Blue  light  emit¬ 
ted  from  the  ~5  cm  turn-on  region  of  a  Tevatron  dipole  can 
be  used  to  measure  the  2-dimensional  transverse  profile  of 
the  beam  [2,  3].  Synchrotron  light  emitted  by  protons  (an¬ 
tiprotons)  from  the  upstream  edge  of  a  6  (3)  meter  super¬ 
conducting  magnet  is  deflected  out  of  the  beam  pipe  by  a 
movable  aluminized  flat  mirror  through  a  quartz  window 
into  a  telescope  assembly.  The  light  is  separated  from  the 
particle  beam  by  2.6  (1.0)  cm  at  the  pick-off  point. 


Figure  1:  Synclite  schematic  showing  radiation  point  loca¬ 
tions  for  protons  and  antiprotons. 

The  proton  and  antiproton  telescope  systems  each  con¬ 
sist  of  a  single  lens  and  a  narrow  band  blue  filter  focus¬ 
ing  onto  the  photocathode  of  a  single  stage  MCP  image 
intensifier.  The  image  on  the  intensifier  phosphor  screen 
is  viewed  by  a  CID  camera  which  in  turn  is  captured  us¬ 
ing  a  video  frame  grabber  giving  an  image  with  640x480 
(horizontal  x  vertical)  pixels  each  with  8-bits  of  intensity 
data.  Each  pixel  in  the  proton  (antiproton)  image  corre¬ 
sponds  to  57  (83)  /m\  at  the  object  plane.  The  beam  trans¬ 
verse  profiles  are  Gaussian  with  a  sigma  of  about  0.6  mm, 
and  the  diffraction  resolution  is  about  0.2  mm  (0.1  mm) 
in  the  horizontal  (vertical).  More  details  on  the  physics  of 
the  radiation,  the  Tevatron  dipoles  and  the  telescope  optical 
system  can  be  found  in  earlier  reports[2, 3]. 

*  Work  supported  by  the  Universities  Research  Association,  Inc.,  under 
contract  DE-AC02-76CH03000  with  the  U.S.  Dept,  of  Energy. 


Timing  and  Gain 

Both  the  proton  and  antiproton  beams  in  the  Tevatron  are 
divided  into  36  bunches.  Each  proton  (antiproton)  bunch 
contains  an  average  number  of  about  210  x  109  (25  x  109) 
particles  at  the  beginning  of  the  store  and  have  the  time 
structure  illustrated  in  Figure  2(b).  The  bunches  are  in  3 
trains  of  12  bunches  each  where  each  bunch  is  separated 
by  396  ns.  The  last  bunch  of  one  train  is  separated  from  the 
beginning  of  the  next  by  2640  ns,  these  gaps  are  called  the 
beam  abort  gaps.  Although  the  CID  camera  integrates  over 
about  30  ms,  the  profile  for  each  bunch  can  be  measured 
by  gating  the  photocathode  so  that  the  image  intensifier  is 
only  sensitive  while  a  particular  bunch  is  illuminating  the 
photocathode. 


Figure  2:  (a)  Schematic  of  image  intensifier  showing  the 
typical  high  voltages  used;  (b)  Schematic  of  beam  in  the 
Tevatron  illustrating  the  time  structure  for  the  36  proton 
bunches.  The  36  antiproton  bunches  have  a  similar  time 
structure. 

The  image  intensifier  consists  of  a  photocathode,  mi- 
crochannel  plate  and  phosphor  screen,  see  Figure  2(a).  The 
gain  of  the  image  intensifier  varies  across  its  surface.  It  is 
calibrated  by  the  use  of  a  UV  lamp. 

Data  Acquisition  and  Image  Analysis 

The  Synclite  system  is  controlled  by  a  Lab  VIEW  pro¬ 
gram  running  on  a  Mac,  and  the  analysis  of  the  video  im¬ 
age  is  also  done  within  LabVIEW.  Sidebands  in  the  im¬ 
age  are  used  as  an  estimate  of  the  background  to  give  a 
background  subtracted  image.  The  background  subtracted 
image  is  either  fit  with  a  2-dimensional  Gaussian  plus  a 
linear  background  function,  or  for  a  faster  fit,  the  data  is 
projected  to  give  vertical  and  horizontal  profiles  and  then 
a  1 -dimensional  Gaussian  plus  a  linear  background  func¬ 
tion  is  used  in  the  fits.  If  the  transverse  profile  is  elliptical, 
the  full  2-dimensional  fit  is  useful  to  get  the  angle  of  any 
rotation  that  might  exist. 

The  measured  beam  positions,  sigmas  and  the  calculated 
vertical  and  horizontal  emittances  are  remotely  accessible 
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via  Acnet  and  is  also  logged  into  a  circular  buffer  and  less 
frequently  into  a  permanent  storage  for  Shot  Data  Analysis 
(SDA)  [4]. 


PERFORMANCE 

Calibration  and  Monitoring 

Calibration  of  the  Synclite  system  is  important  in  getting 
accurate  measures  of  the  beam  parameters.  The  distance 
scale,  image  resolution  and  any  rotation  in  the  system  must 
be  known.  The  scale  and  image  resolution  can  be  calcu¬ 
lated  and  measured  on  the  bench.  The  distance  scale  and 
any  rotation  of  the  system  has  also  been  measured  in  situ 
by  producing  closed-orbit  3-bumps.  The  beam  is  bumped 
vertically  or  horizontally  by  a  calculated  amount  and  the 
motion  of  the  beam  measured  in  Synclite.  Figure  3  shows 
the  data  from  such  a  beam  study  and  Figure  4  shows  for 
protons  the  measured  versus  calculated  expected  beam  dis¬ 
placements. 


Figure  4:  The  horizontal  and  vertical  proton  beam  displace¬ 
ments  as  measured  by  Synclite  versus  the  calculated  ex¬ 
pected  displacements. 


Relative  Time  (s) 


Figure  3:  The  horizontal  and  vertical  locations  of  the  pro¬ 
ton  and  antiproton  beams  as  measured  by  Synclite  versus 
time,  for  the  time  period  when  the  beams  were  bumped 
vertically  then  horizontally. 

The  beam  bump  study  results  showed  that  both  the  pro¬ 
ton  and  antiproton  Synclite  systems  are  not  rotated  with 
respect  to  the  Tevatron.  The  proton  distance  scale  obtained 
by  the  beam  bump  study  agrees  with  the  expected  scale 
by  ~  10%,  which  is  the  expected  uncertainty  in  the  lat¬ 
tice  functions.  On  the  other  hand  the  antiproton  scale  was 
found  to  be  inconsistent. 

The  image  resolution  was  checked  by  scraping  the  beam 
with  a  collimator  and  studying  the  beam  image  size  as  a 
function  of  intensity  [5].  It  was  also  studied  by  comparing 
the  beam  size  as  seen  by  Synclite  to  that  measured  in  the 
Flying  Wire  system  [6,  7].  The  performance  of  the  proton 
Synclite  system  is  as  expected.  However,  although  the  an¬ 
tiproton  Synclite  system  is  giving  useful  results,  it  has  an 


unexpectedly  large  resolution,  this  together  with  the  scale 
is  still  under  study  and  must  be  resolved  to  improve  the 
performance  of  the  antiproton  Synclite  system. 

Monitoring  the  status  and  results  of  the  Synclite  system 
is  an  important  aspect  of  providing  a  reliable  instrument. 
The  status  and  results  from  Synclite  are  obtained  via  a  Java 
program  and  displayed  on  a  web  page  using  an  automati¬ 
cally  run  PERL  script  [8].  If  the  Synclite  system  is  down 
or  has  incorrect  settings,  notification  emails  are  sent  in  ad¬ 
ditional  to  a  message  on  the  status  web  page. 

Long  Range  Beam-Beam  Effects 

The  Synclite  system  can  be  used  to  study  beam  physics. 
For  example  one  effect  of  long  range  beam-beam  interac¬ 
tions  can  be  seen  in  the  Synclite  measurements.  The  top 
plots  in  Figure  5  show  the  horizontal  positions  of  all  the  36 
antiproton  bunches  averaged  over  various  time  periods  af¬ 
ter  the  start  of  a  collider  store.  It  can  be  seen  that  a  3-fold 
symmetry  is  seen  where  each  train  of  12  bunches  is  spread 
over  about  40  [im.  This  structure  exists  because  the  start  of 
each  train  interacts  with  more  protons  than  the  end  of  the 
train.  A  similar  3-fold  structure  is  seen  in  the  proton  hori¬ 
zontal  positions  but  the  12  bunches  of  each  train  are  spread 
over  a  much  smaller  range  of  about  5  fim.  This  smaller  ef¬ 
fect  is  consistent  with  the  approximately  8-10  times  lower 
antiproton  intensities  compared  to  the  proton  intensities. 

DC  Beam  in  the  Tevatron 

It  is  known  that  beam  can  exist  between  beam  bunches 
and  in  the  beam  abort  gaps.  Any  DC  beam  is  cleaned  by 
the  Tevatron  Electron  Lens  (TEL)  [9].  The  Synclite  sys¬ 
tem  has  been  configured  to  allow  automatic  monitoring  of 
any  DC  beam.  A  670  ns  gate  width  timed  to  look  within  a 
beam  abort  gap  is  used  and  the  gain  is  increased  by  a  factor 
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Figure  5:  Horizontal  positions  of  each  of  the  36  bunches  for 
antiprotons  (top)  and  protons  (bottom),  where  (a,  b,  c,  d) 
give  the  averaged  positions  for  0-20, 20-40, 40-60  and  60- 
80  minutes  after  the  start  of  collisions  for  a  collider  store. 


of  about  22  by  running  the  MCP  in  the  image  intensifier  at 
much  higher  voltage.  Also  100  images  are  summed  to  im¬ 
prove  S/N  since  more  noise  appears  when  running  at  high 
MCP  voltages.  Typical  projections  of  the  background  sub¬ 
tracted  images  are  given  in  Figure  6. 


Figure  6:  (a,b)  Vertical  and  horizontal  projections  of  the 
background  subtracted  image  for  a  single  1  8  x  1011  proton 
bunch  at  normal  MCP  high  voltage;  (c,d)  Vertical  and  hor¬ 
izontal  projections  of  the  background  subtracted  image  for 
a  670  ns  time  interval  in  the  beam  abort  gap.  The  projec¬ 
tions  are  fit  with  a  Gaussian  signal  and  a  linear  background 
function. 


With  the  TEL  off,  about  6  x  107  protons  were  observed 
within  the  670  ns  window.  This  is  less  than  ^ th  of  the 
intensity  of  a  single  proton  bunch.  Assuming  a  uniform 
DC  beam  in  the  Tevatron,  this  translates  to  about  2  x  109 
protons  in  total  in  the  DC  beam,  or  about  0.03%  of  the  to¬ 
tal  number  of  protons  in  the  36  bunches.  The  transverse 
sigmas  of  the  beam  in  the  abort  gap  have  large  uncertain¬ 
ties  due  to  poor  S/N.  The  central  location  of  the  DC  beam 
is  found  to  be  at  the  same  vertical  location  as  the  normal 
bunches  while  the  horizontal  location  is  1  mm  closer  to  the 
Tevatron  center.  Work  is  being  done  to  increase  the  gain 
and  S/N. 


CONCLUSIONS 

Synclite  provides  a  non-destructive  method  to  measure 
the  2-dimensional  transverse  profiles  of  the  high  energy 
beam  in  the  Tevatron.  The  system  is  still  being  calibrated 
but  already  interesting  beam  physics  issues  can  be  studied 
using  this  instrument. 
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Abstract 

This  paper  describes  the  techniques  used  to  measure  the 
intensities  of  the  proton  (p)  and  anti-proton  (p)  beams  in 
the  Tevatron  collider.  The  systems  provide  simultaneous 
measurements  of  the  intensity  of  the  36  proton  and  36  anti¬ 
proton  bunches  and  their  longitudinal  profiles. 

INTRODUCTION 

Accurate  measurement  of  the  intensity  of  the  proton  and 
the  anti-proton  beams  is  a  basic  requirement  of  the  Teva¬ 
tron  instrumentation.  The  proton  and  anti-proton  fluxes  en¬ 
ter  directly  into  a  calculation  of  the  luminosity  provided  to 
the  experiments  and  the  life-times  of  the  different  beams 
can  give  information  on  the  mechanisms  for  beam  loss. 
Since  the  proton  and  anti-proton  fluxes  enter  into  the  lu¬ 
minosity  with  equal  status,  it  is  desirable  to  measure  them 
with  comparable  relative  precision  even  though  the  anti- 
proton  intensity  is  typically  only  10%  of  the  proton  inten¬ 
sity.  A  DCCT[1]  provides  a  measure  of  the  total  current 
circulating  in  the  machine  but  does  not  distinguish  between 
proton  and  anti-proton  contributions  to  this  current.  The  in¬ 
dividual  bunch  intensities  are  measured  using  a  high  band¬ 
width  Resistive  Wall-Current  Monitor  installed  in  the  Fll 
section  of  the  Tevatron  where  the  arrival  time  of  proton  and 
anti-proton  bunches  is  separated  by  200  ns. 

BASIC  TECHNIQUE 

The  design  and  construction  of  the  Resistive  Wall- 
Current  Monitor  and  its  connections  (cabling)  to  the  out¬ 
side  world  are  described  in  detail  in  ref[2].  The  essential 
features  of  the  RWCM  for  our  purposes  are 

•  the  RWCM  has  a  calculated  resistance  of  1.288  ohms; 

•  the  RWCM  is  transformer  coupled  with  a  low  end  cut¬ 
off  at  about  3  kHz  and  an  upper  limit  at  several  GHz; 

•  the  RWCM  is  connected  to  the  measuring  electronics 
in  the  outside  world  by  320  ns  of  7/8  inch  Andrews 
Heliax™  cable. 

Figure  1  shows  a  schematic  of  the  two  measurement 
systems  attached  to  the  Resistive  Wall  Current  Monitor. 
One  system,  the  F(ast)  B(unch)  I(ntegrator),  integrates  the 
RWCM  output  during  gates  corresponding  to  the  beam  pas¬ 
sage  times;  it  presently  takes  two  turns  of  the  Tevatron  to 
acquire  its  data,  making  18  bunch  measurements  and  tak¬ 
ing  a  baseline  sample  in  each  abort  gap  (21  measurements) 

•  work  performed  under  DOE  contract  no.  DE-AC002-76CH03000 

1  now  at  ORNL 


each  turn.  Intensities  are  reported  for  both  single-bucket 
and  5  bucket  wide  gates  to  give  a  measure  of  satellites 
around  the  main  bunch.  The  other  system,  the  S(ampled) 
B(unch)  D(isplay),  passes  the  RWCM  signal  to  a  2GHz,  8 
bit  sampling  oscilloscope[3].  A  measurement  consists  of 
two  full  turns  of  data  (42,000  samples),  one  sweep  trig¬ 
gered  by  the  proton  marker  and  one  triggered  by  the  anti¬ 
proton  marker:  the  resulting  waveforms  are  analyzed  to 
yield  both  the  intensity  and  the  longitudinal  profile  of  each 
proton  and  anti-proton  bunch.  Because  the  anti-proton  in¬ 
tensities  are  typically  10%  or  less  of  the  proton  intensities, 
both  systems  use  separate  channels  for  protons  and  anti¬ 
protons  and  set  the  anti-proton  channel  to  have  higher  sen¬ 
sitivity;  the  FBI  further  uses  separate  electronics  for  the 
single  and  multiple  bucket  readings.  The  FBI  can  operate 
at  a  few  hundred  Hz;  the  SBD  returns  bunch  intensities  and 
longitudinal  profiles  at  about  0.5  Hz,  dominated  by  the  os¬ 
cilloscope  readout  time. 


Figure  1:  Schematic  of  FBI  and  SBD. 


ISSUES 

Cable  Effects 

Measurements  of  the  cable[2]  show  an  attenuation  in  db 
of  4.26a///GHz;  this  is  consistent  with  the  manufacturer 
data  and  a  model  where  the  frequency  dependence  is  due 
to  the  skin  effect.  The  accompanying  dispersion  of  the 
RWCM  signal  along  the  320  ns  of  cable  is  such  that  -  al¬ 
most  independent  of  the  beam  shape  -  about  4.5%  of  the 
original  signal  arrives  after  the  RF  bucket  containing  the 
beam.  The  dispersion  must  also  be  accounted  for  when 
measuring  the  bunch-length. 

Baseline  Effects 

Since  the  RWCM  is  transformer  coupled,  after  a  few 
turns,  the  net  signal  over  a  complete  turn  is  zero.  This 


0-7803-7739-9  ©2003  IEEE 


2491 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


means  that  the  output  baseline  shifts.  The  shift  is  propor¬ 
tional  to  the  beam  intensity  and  can  be  estimated  by  not¬ 
ing  that  the  protons  (the  dominant  current)  produce  signals 
in  36  of  the  1113  RF  buckets;  the  average  ‘unoccupied’ 
bucket  will  have  a  ‘signal’  of  opposite  sign  and  of  mag¬ 
nitude  ~3%  (36/1113)  of  the  average  proton  bunch.  For 
the  protons,  the  baseline  sampling  thus  produces  an  up¬ 
ward  correction  of  about  3%.  For  the  anti-protons,  which 
as  mentioned,  are  typically  ~10%  of  the  proton  intensity, 
the  baseline  sampling  is  responsible  for  ~30%  of  the  re¬ 
ported  p  intensity. 

CALIBRATION 

There  are  two  approaches  available  to  calibrate  the  FBI 
and  SBD  -  one  is  a  quasi-absolute  technique  and  one  is 
based  on  comparison  with  the  DCCT.  The  first  involves 
taking  the  RWCM  resistance  as  a  given  and  applying  a 
known  pulse  into  the  RWCM  output  cable  to  calibrate  the 
FBI  and  SBD  electronics.  This  is  limited  in  principle  by 
the  accuracy  of  the  pulser  and  requires  transformer  cou¬ 
pling  and  a  proper  simulation  of  the  bunch  structure  and 
intensities  to  allow  the  baseline  shift  its  full  effect.  Calibra¬ 
tion  using  the  DCCT  as  reference  is  based  on  the  equation 
DCCT  =  Ptrue+Ptrue  =  PRWCM  X  (l  +  f“g£)  XCAL 
where  CAL  is  the  calibration  factor  to  be  applied  to  the  de¬ 
vice  looking  at  the  RWCM  signal.  This  approach  requires 
no  knowledge  of  the  RWCM  resistance  and  only  the  rela¬ 
tive  gains  of  the  proton  and  anti-proton  channels,  not  their 
absolute  value.  A  small  (few  %)  correction  does  have  to  be 
made  for  satellites  and  any  other  out  of  the  bucket  beam  all 
of  which  is  seen  by  the  DCCT  but  not  by  the  SBD  or  FBI. 

F(ast)  B(unch)  integrator ) 

The  FBI  is  used  as  a  fast  response  system.  The  system 
calibration  is  harder  to  maintain  in  principle  because  4  in¬ 
dependent  integrators  are  used  to  provide  the  single  bucket, 
multi-bucket,  proton  and  anti-proton  measurements.  The 
software  to  allow  all  measurements  to  be  made  on  two  in¬ 
tegrators  and  to  reduce  the  baseline  issues  by  removing  the 
amplifier  in  front  of  the  anti-proton  channel  is  in  process. 
Figure  2  shows  a  comparison  of  the  FBI  and  the  SBD  inten¬ 
sities  recorded  during  a  recent  store.  The  plot  is  drawn  such 
that  the  FBI  and  SBD  should  lie  on  top  of  each  other  -  the 
agreement  is  quite  good  except  for  the  anti-proton  inten¬ 
sity  at  the  beginning  of  the  store.  Examination  of  the  FBI 
anti-proton  baseline  sample  shows  that  it  does  not  have  the 
required  proportionality  to  the  total  beam  current  probably 
because  of  some  saturation  in  the  electronics  from  the  pro¬ 
ton  pulses  and  this  may  be  responsible  for  the  discrepancy. 
At  present,  the  accuracy  of  the  FBI  is  adequate  for  opera¬ 
tions  and  we  have  concentrated  on  understanding  the  SBD 
as  the  device  likely  to  give  the  more  accurate  measurement. 

The  S( ampled)  B( unch)  D( isplay) 

Figure  3  shows  one  proton  and  one  anti-proton  bunch  as 
recorded  by  the  SBD.  The  darker  trace  is  the  proton  chan- 


Figure  2:  Comparison  of  FBI  and  SBD  measurements 


nel,  the  lighter  trace  is  the  anti-proton  channel;  the  oscillo¬ 
scope  baseline  is  offset  to  be  able  to  use  the  full  dynamic 
range.  The  proton  channel  shows  a  small  pulse  (the  anti¬ 
proton  bunch)  on  the  left  and  the  proton  bunch  at  the  right; 
the  anti-proton  channel  shows  the  anti-proton  bunch  at  the 
left  and  the  proton  bunch,  which  saturates,  at  the  right.  The 
time  displacement  between  a  given  bunch  as  seen  by  the 
two  channels  is  due  to  the  timing  difference  of  the  proton 
and  anti-proton  markers.  The  satellites  on  the  proton  bunch 
are  clearly  visible  in  the  anti-proton  channel,  as  is  the  dis¬ 
persion  on  the  tail. 


Figure  3:  An  SBD  display  of  one  proton  and  one  anti¬ 
proton  bunch 

SBD  Baseline  Analysis 

The  intensity  reported  by  the  SBD  is  quite  sensitive  to 
the  baseline  determination  -  an  error  of  1  count  in  the  base¬ 
line  is  about  4%  in  intensity.  After  some  experimenta¬ 
tion,  a  histogramming  technique  has  been  adopted  where 
the  data  from  a  sweep  are  histogrammed  and  a  parabola  is 
fit  through  the  most  common  datum  and  its  neighbors  on 
either  side.  A  typical  data  set  is  shown  in  figure  4. 

Unlike  algorithms  based  on  sampling  parts  of  the  turn 
where  no  beam  is  expected,  this  process  is  robust  at  all 
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Figure  4:  A  baseline  histogram  showing  the  peak  (the  base¬ 
line)  and  the  effective  input  noise 


times  including  during  cogging  operations  and  the  values  it 
produces  are  good  to  a  fraction  of  a  count.  The  dispersive 
tail  from  the  proton  pulses  tends  to  give  a  baseline  which 
is  slightly  too  high  on  the  anti-proton  channel;  this  con¬ 
tributes  an  ~  1%  underestimate  of  the  p  intensity.  A  larger 
correction  is  due  to  the  effect  of  the  dispersion  shifting  part 
of  the  signal  outside  the  RF  bucket  (see  figure  5). 
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Figure  5:  A  proton  bunch  as  seen  on  the  anti-proton  chan¬ 
nel;  note  the  dispersion  on  the  trailing  edge 


Figure  6:  The  dispersion  compensation  filter. 

which  have  dispersed  into  the  present;  the  FIR  enhances 
the  immediate  portion  and  subtracts  appropriate  fractions 
of  the  earlier  components.  Figure  7  shows  the  effect  on  an 
anti-proton  bunch.  The  performance  is  quite  satisfactory. 


Dispersion  Compensation 

The  SBD  was  originally  designed  to  provide  a  measure¬ 
ment  of  the  longitudinal  profile  and  while  the  effect  of  the 
dispersion  on  the  intensity  measurement  could  be  corrected 
by  a  fudge  factor,  there  is  considerable  interest  in  recover¬ 
ing  the  true  input  signal.  The  transfer  function  of  the  cable 
is  linear  and  causal  which  means  that  (within  the  bandwidth 
of  the  measurement)  it  is  in  principle  possible  to  recover  the 
original  signal  provided  one  knows  the  transfer  function.  A 
compensating  software  filter  has  been  developed  based  on 
the  cable  model  -  for  details  see  ref[4]  -  and  is  applied  to  the 
data  read  from  the  scope.  The  filter  as  currently  deployed 
has  77  taps  corresponding  to  two  RF  buckets  sampled  at 
2GHz  and  is  applied  to  each  input  datum  (starting  from  the 
78th).  Figure  6  shows  the  FIR  filter  -  ‘now’  is  at  the  right. 

The  form  of  the  FIR  can  be  understood  in  that  any  por¬ 
tion  of  the  output  at  a  given  time  is  due  to  the  signal  at  that 
time  plus  some  fraction  of  earlier  components  of  the  signal 


Figure  7:  A  bunch  before  and  after  the  FIR  filter 

SUMMARY 

Two  systems  are  available  at  the  Tevatron  to  measure  in¬ 
dividual  proton  and  anti-proton  bunch  intensities  with  an 
accuracy  of  a  few  percent.  A  software  FIR  filter  to  com¬ 
pensate  for  cable  dispersion  has  been  implemented  in  the 
2  GHz  sampling  system  and  recovers  the  input  signal  for 
both  intensity  and  longitudinal  profile  measurements. 
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Abstract 

Fermilab  is  presently  in  Run  II  collider  operations  and 
is  developing  instrumentation  to  improve  luminosity. 
Improving  the  orbit  matching  between  accelerator 
components  using  a  Beam  Line  Tuner  (BLT)  can  improve 
the  luminosity.  Digital  Down  Conversion  (DDC)  has  been 
proposed  as  a  method  for  making  more  accurate  beam 
position  measurements.  Fermilab  has  implemented  a  BLT 
system  using  a  DDC  technique  to  measure  orbit 
oscillations  during  injections  from  the  Main  Injector  to 
the  Tevatron.  The  output  of  a  fast  ADC  is  down- 
converted  and  filtered  in  software.  The  system  measures 
the  x  and  y  positions,  the  intensity,  and  the  time  of  arrival 
for  each  proton  or  antiproton  bunch,  on  a  tum-by-tum 
basis,  during  the  first  1024  turns  immediately  following 
injection.  We  present  results  showing  position,  intensity, 
and  time  of  arrival  for  both  injected  and  coasting  beam. 
Initial  results  indicate  a  position  resolution  of  ~20  to  40 
microns  and  a  phase  resolution  of  ~25  ps. 

Introduction 

In  order  to  preserve  transverse  emittance,  it  is  important 
to  match  the  ideal  beam  trajectory  between  synchrotron 
machines  [1].  The  Tevatron  BLT  is  used  to  measure  orbit 
oscillations  during  injections  of  protons  and  antiprotons 
from  the  Main  Injector  into  the  Tevatron.  Digital  Down 
Conversion  (DDC)  has  been  proposed  as  a  method  for 
making  more  accurate  beam  position  measurements 
[2][3].  Fermilab  has  implemented  a  prototype  BLT 
system  using  a  DDC  technique  in  software  to  measure 
orbit  oscillations  during  injections. 

The  DDC  BLT  system  measures  the  x  and  y  positions, 
the  intensity,  and  the  time  of  arrival  for  each  proton  or 
antiproton  bunch,  on  a  tum-by-tum  basis,  during  the  first 
1024  turns  immediately  following  injection.  Antiprotons 
are  transferred  into  the  Tevatron  in  9  injections  of  4 
bunches  each  while  protons  are  transferred  in  36  single 
bunch  injections. 

The  BLT  System 

The  BLT  consists  of  two  pairs  (horizontal  and  vertical) 
of  bi-directional  strip-line  pickups  installed  in  the 
Tevatron  F0  interaction  region.  Each  plate  of  a  strip-line 
is  1 .0  m  long  by  60  wide,  mounted  at  a  distance  of  41mm 
from  the  mechanical  center  of  the  beam  pipe.  Each  strip¬ 


line  has  a  measured  sensitivity  of  0.65  db/mm.  As  the 
beam  passes  through  the  BLT  it  induces  capacitive  signals 
on  the  plates.  The  difference  between  the  signals  on  the 
plates  is  sensitive  to  the  position  of  the  beam.  The  time  of 
arrival  of  the  pulses  is  sensitive  to  longitudinal 
oscillations  of  the  beam.  Signal  cables  are  connected  to 
both  ends  of  each  pickup  to  measure  the  bi-directional 
beams.  Protons  induce  signals  on  the  downstream  cables 
while  antiprotons  induce  signals  on  the  upstream  end.  The 
strip-lines  have  ~30-db  directionality  and  the  proton 
signal  is  much  larger  that  the  antiproton  signal,  so  some  of 
the  proton  signal  is  seem  on  the  antiproton  side  of  the 
strip-line.  Since  the  proton  and  antiproton  signals  are 
separated  in  time  by  about  190  ns,  the  proton  signal  does 
not  contaminate  the  antiproton  signals. 

Analog  Processing 

The  plate  signals  are  transported  from  the  accelerator  to 
the  BLT  electronics,  amplified  and  digitized  using  a  100 
MHz  12-bit  Struck  Model  SIS3300  digitizer.  The  digitizer 
is  clocked  with  a  106  MHz  TTL  level  square  wave 
synchronized  to  the  53  MHz  Tevatron  RF.  The  digitizers 
are  triggered  prior  to  the  arrival  of  each  bunch  signal  by 
an  accelerator  beam  event  signal.  Thirty-two  samples  are 
collected  for  each  bunch  on  each  turn  for  the  first  1024 
turns. 

The  19  ns  doublets  produced  by  bunches  passing 
between  the  pickups  are  too  fast  to  be  directly  digitized 
using  a  100  MHz  ADC.  To  adequately  sample  the 
waveform  from  the  strip-lines,  the  pulse  is  stretched  in 
time  using  a  ringing  filter.  To  avoid  systematic  effects,  the 
ringing  must  damp  before  the  next  bunch  arrives,  and  the 
impulse  response  of  the  filters  on  the  A  and  B  channels 
must  also  be  well  matched. 

Digital  Signal  Processing 

The  sampled  ringing  waveform  is  frequency-shifted  to 
base-band  by  multiplying  by  a  complex  exponential 
oscillating  at  the  resonant  frequency  of  the  pulse¬ 
stretching  filters.  The  base-band  conversion  effectively 
rectifies  the  pulse  along  some  direction  in  the  complex 
plane.  The  real  part  contains  the  rectified  waveform  while 
the  imaginary  part  contains  a  rapidly  oscillating  waveform 
that  will  filter  to  zero.  The  complex  envelope  of  the  signal 
could  be  extracted  by  low-pass  filtering  the  base-banded 
waveform. 
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Instead  of  low-pass  filtering,  the  base-banded  waveform 
is  matched-filtering,  i.e.  the  waveform  is  correlated  with  a 
reference  signal  corresponding  to  the  envelope  of  the 
expected  signal.  The  peak  amplitude  of  the  output  of  the 
matched-filter  provides  the  optimal  linear  estimate  of  the 
amplitude  of  a  known  signal  in  the  presence  of  noise.  The 
reference  signal  for  the  matched-filter  is  shown  in  Figure 
1.  The  real  and  imaginary  parts  and  the  magnitude  of  the 
simulated  signal  following  matched-filtering  are  shown  in 
Figure  2. 


power  in  the  signal  moves  from  the  real  component  into 
the  imaginary  component  and  back  again.  The  phase  of 
the  peak  of  the  filtered  signal  provides  an  estimate  of  the 
time  of  arrival  of  the  doublet.  Each  of  the  four  pickups  in 
the  BLT  provides  an  independent  measurement  of  the 
time  of  arrival  of  the  bunch. 

The  relative  time  of  arrival  of  the  pulse  measured  by 
each  pickup  is  estimated  by  dividing  the  phase  of  the  peak 
amplitude  by  2  times  the  resonant  frequency  of  the  pulse 
stretching  filters: 


2  j Filter  Re  Apeak 

An  overall  time  of  arrival  for  each  bunch  is  obtained  by 
averaging  the  time  of  arrival  measured  by  each  of  the  four 
pickups. 

Performance 

Figure  3  and  Figure  4  show  the  horizontal,  vertical 
positions  for  the  four  antiproton  bunches  of  as  a  function 
of  turn  at  injection.  Both  the  horizontal  and  vertical 
positions  show  rapid  variations  characteristic  of  betatron 
oscillations.  The  horizontal  position  also  shows  the  slower 
variations  associated  with  synchrotron  oscillations. 


Figure  1 .  Matched-filter  reference  waveform. 


.•> 


Figure  3.  Horizontal  positions  following  injection, 


Figure  2.  Output  of  the  Matched-Filter. 

The  transverse  position  of  the  beam  is  estimated  by 
taking  the  ratio  of  the  difference  between  the  peak 
amplitudes  of  the  processed  signals  from  the  A  and  B 
plates  divided  by  the  sum  of  the  peak  amplitudes: 

x  26.1mm  Apeak  Bpeak 
A  R 

A Peak  U  Peak 

The  conversion  constant  of  26.7  mm  has  been 
determined  prior  to  the  installation  of  the  strip-lines  by 
scanning  a  pulsed  wire  across  the  aperture. 

The  phase  of  the  matched-filtered  signal  contains 
information  about  the  time  of  arrival  of  the  doublet 
relative  to  the  trigger.  With  each  successive  pulse,  the 
time  of  arrival  of  the  pulse  relative  to  the  trigger  is 
systematically  delayed.  As  the  time  of  arrival  changes,  the 
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Figure  4.  Vertical  positions  following  injection. 
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Fourier  transforms  of  the  horizontal  and  vertical 
position  measurements  are  shown  in  Figure  5  and  Figure 
6  respectively.  Both  distributions  show  clear  peaks 
associated  with  the  tunes  of  the  Tevatron.  The  noise  floor 
of  the  Fourier  transform  provides  a  model-independent 
estimate  of  the  position  resolution  of  the  measurement. 
The  horizontal  and  vertical  resolutions  estimated  in  this 
way  are  0.040  mm  and  0.019  mm  respectively. 

Figure  7  shows  the  time  of  arrival  for  each  of  the  four 
antiproton  bunches  calculated  from  the  phase  of  the 
processed  signals.  For  each  bunch,  the  time  of  arrival  has 
been  calculated  by  averaging  the  time  determined  by  each 
the  four  plates  (Horizontal  A  and  B,  and  Vertical  A  and 
B).  The  noise  floor  of  frequency  spectrum  of  this  time 
series  corresponds  to  a  resolution  of  ~25  ps. 
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Figure  5.  Horizontal  tunes  at  injection. 
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Figure  7.  Relative  time-of-arrival  following  injection. 

Summary 

We  have  used  digital  signal  processing  to  measure  the 
orbit  oscillations  during  injections  from  the  Main  Injector 
to  the  Tevatron.  The  system  measures  the  x  and  y 
positions,  the  intensity,  and  the  time  of  arrival  for  each 
proton  or  antiproton  bunch,  on  a  tum-by-tum  basis, 
during  the  first  1024  turns  immediately 
following  injection.  We  are  able  to  measure  the  transverse 
position  of  the  beam  to  a  precision  of  ~20  to  40  microns 
per  turn.  We  are  able  to  measure  the  time  of  arrival  of  the 
bunch  to  a  precision  of  ~25  ps  per  turn. 
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Abstract 

Measurements  of  the  transverse  and  longitudinal  beam 
losses  during  a  Tevatron  store  will  be  presented.  The 
measurements  utilize  scintillation  counters  to  monitor  the 
nuclear  interactions  of  the  1  TeV  halo  particles  with  a 
scraper  that  is  located  near  the  beam.  If  the  particles  are  in 
time  with  the  primary  bunches,  they  are  assumed  to  come 
from  transverse  perturbations  inducing  large  betatron 
oscillations.  Particles  lost  longitudinally  drift  around  the 
ring  due  to  synchrotron  radiation  and  become 
asynchronous  with  respect  to  the  bunches.  A  pulsed 
electron  lens  is  then  used  to  induce  large  betatron 
oscillations  that  extract  these  particles  onto  the  scraper. 
The  resulting  nuclear  interactions  in  the  scraper  are 
recorded  by  a  gated  scintillating  counter  system.  The 
counting  rates  from  the  two  channels  provide  an  online 
measurement  of  the  two  types  of  beam  loss.  Known  beam 
loss  due  to  interactions  at  the  IP  and  to  nuclear  collisions 
in  the  residual  gas  can  be  subtracted  which  then  exposes 
the  underlying  losses  from  longitudinal  and  transverse 
instabilities. 

OVERVIEW 

When  the  Tevatron  is  in  the  colliding  mode,  the 
luminosity  decreases  over  time  due  to  the  loss  of  particles 
from  the  beams  or  due  to  emittance  blow  up  of  the 
bunches[l].  For  instance,  the  collision  of  protons  and 
pbars  removes  particles  and  is  the  main  source  of  pbar 
loss.  Interaction  of  the  beam  particles  with  the  residual 
gas  in  the  vacuum  chamber  can  both  remove  particles  by 
nuclear  collisions  and  scatter  particles  thru  coulomb 
scattering,  Intra  beam  scattering  will  increase  both  the 
longitudinal  and  transverse  emittances  and  can  cause 
particle  loss  from  the  bucket.  And  finally  beam-beam 
interaction  at  the  points  where  the  bunches  come  near 
each  other  on  their  separate  helices  can  cause  losses.  The 
instrumentation  used  to  detect  and  monitor  these  beam 
losses  is  described  below.  Methods  for  monitoring  the 
emittance  increase  are  described  elsewhere  [2] 

Current  Monitoring 

The  total  DC  beam  in  the  machine  is  monitored  by  a 
high  precision  current  transformer,  DCT,  which  in  a 
typical  store  measures  a  total  beam  of  about  1  El 3 
particles  with  a  digitizing  error  of  1 .25  E9  particles  and  is 
used  to  check  the  calibration  of  other  instruments.  There 
are  36  proton  and  36  par  bunches  in  the  machine  and  their 
separate  intensities  are  measured  by  resistive  wall  current 
monitor,  SBD,  described  elsewhere  in  these  proceedings 


[3].  The  absolute  calibration  of  the  SBD  is  checked 
against  the  DCT. 

Once  the  intensities  of  the  proton  and  pbar  beams  are 
known  as  a  function  of  time,  they  can  be  differentiated  to 
give  the  particle  loss  per  second.  A  plot  showing  the  loss 
rate  of  p  current  in  Store  2424  is  shown  as  the  solid  curve 
in  Fig.  1 . 


Proton  Loss  rate 


Fig.  1  Loss  rate  in  protons/sec.  vs.  time  in  hours  near  the 
start  of  Store  2424.  The  solid  curve  is  the  total  proton 
loss  rate.  The  dotted  curve  is  the  loss  rate  after 
subtracting  the  losses  due  to  luminosity,  diffusion  from 
the  RF  bucket,  and  collisions  with  the  residual  gas.  The 
dashed  curve  is  25  times  the  EOLTOT  counter  rate. 

Nuclear  Interactions  in  the  Vacuum  Chamber 
Gas 

The  simplest  loss  to  calculate  is  that  due  to  nuclear 
interactions  in  the  vacuum  chamber.  The  measurement  is 
made  with  a  small  emittance  proton  beam  injected  onto 
the  central  orbit  and  accelerated  to  980  GeV/c.  All  loss 
mechanisms  under  these  conditions  are  calculated  to  be 
small  except  for  the  nuclear  interactions.  The  life  time 
measured  under  these  conditions  is  between  600  and  1000 
hours  and  is  a  upper  limit  on  the  loss  rate  due  to  residual 
gas.  The  limited  accuracy  is  a  reflection  of  the  limited 
time  spent  on  runs  of  this  type.  In  what  follows  we  will 
use  600  hours. 

Since  the  total  cross  section  is  known  for  the  various 
elements,  it  is  possible  to  relate  gas  concentration  to 
lifetime.  Table  1  gives  this  calculated  relation  between 
residual  pressure  (room  temperature)  and  gas  type  for  a 
fixed  life  time  of  1000  hours  using  cross  sections  from 
Drozhdin  [4]  and  making  a  small  correction  for  coherent 
scattering  at  angles  so  small  that  they  are  not  intercepted 
by  the  collimators.  It  is  interesting  to  note  that  except  for 
He  there  is  little  A  dependence  as  the  effect  of  Argon 
being  monatomic  is  nearly  cancelled  by  the  cross  section 
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increase  with  A.  The  gas  composition  in  the  Tevatron  can 
be  measured  in  the  warm  regions,  but  is  unknown  inside 
the  magnets  which  are  at  liquid  He  temperature. 
Assuming  the  gas  is  some  mixture  of  the  three  heavy 
gasses,  the  600  hour  lifetime  corresponds  to  pressure  of 
5  10'9  torr  (room  temperature  equivalent). 


Table  1 


Gas 

He 

n2 

o2 

Ar 

Pressure, 

Torr 

1.4  10'9 

3.19  10'10 

2.92  10'10 

3.17  10'10 

The  second  effect  of  residual  gas,  which  is 
proportional  to  Z2,  is  to  increase  the  emittance  of  the 
beam  by  Coulomb  scattering.  This  effect  is  minimized  by 
making  lifetime  measurements  at  980  GeV/c. 

Transverse  Losses 

Losses  in  the  transverse  direction  (called  transverse 
losses  in  this  paper)  arise  from  particle  betatron  amplitude 
increasing  to  the  point  that  it  exceeds  the  machine 
aperture.  In  order  to  remove  beam  halo,  there  is  a 
complex  system  of  scrapers  [5]  in  the  machine  that  scrape 
in  both  the  vertical  and  horizontal  direction.  A 
scintillation  counter,  EOLTOT  that  observes  nuclear 
interactions  of  protons  with  the  innermost  scraper  has 
been  installed.  This  scraper  is  positioned  at  the  start  of 
each  store  to  be  at  the  edge  of  the  circulating  beam,  and 
thus  any  subsequent  growth  of  the  transverse  size  will  be 
reflected  in  the  interaction  rate  increasing  as  recorded  by 
the  scintillation  counter.  The  counter  is  ungated  and 
records  the  total  rate  of  protons  hitting  the  scraper.  Most 
of  the  lost  protons  are  in  coincidence  with  the  36  bunches 
(see  below)  and  thus  this  counter  primarily  monitors  the 
transverse  loss  rate  and  it  correlates  well  with  the 
background  observed  in  the  CDF  and  DO  detectors.  A 
similar  arrangement  for  the  pbars  exists,  but  uses 
background  counters  at  CDF  that  are  gated  to  be  sensitive 
to  particles  arriving  from  the  pbar  direction.  Neither  of 
these  systems  is  an  absolute  monitor  of  the  loss  rate,  and 
they  are  only  roughly  calibrated. 

Longitudinal  Losses 

Losses  in  the  longitudinal  direction  (losses  from  the  RF 
bucket)  can  arise  from  intrabeam  scattering  and  from 
noise  on  the  RF  voltage  [6]  which  excites  synchrotron 
oscillations.  At  the  end  of  acceleration,  the  injected  beam 
is  well  confined  inside  of  a  phase  space  ellipse  of 
4  eV-sec  whereas  the  RF  bucket  area  is  about  1 1  eV-sec. 
As  the  time  duration  of  the  store  increases,  stochastic 
processes  cause  the  bunch  length  to  grow  and  finally 
some  particles  cross  the  separatrix.  At  980  GeV/c,  a  free 
proton  looses  about  9.5  eV  /  turn  and  slowly  spirals 
inward  until  it  hits  the  collimator  in  about  1000  seconds. 
As  it  drifts  inward,  it  also  drifts  around  the  ring  and  thus 
losses  from  the  bucket  generate  a  ring  of  charge  in  the 
machine  whose  total  intensity  is  a  function  of  the  distance 
between  the  edge  of  the  bucket  and  the  nearest  collimator. 
Conversely,  the  proton  and  pbar  bunch  structures  consist 


of  36  bunches  arranged  in  three  groups  of  12  equally 
spaced  by  21  RF  buckets  and  the  three  groups  spaced  by 
140  buckets.  These  larger  gaps  are  used  for  injection  and 
extraction  of  the  beam. 

Early  in  the  commissioning,  it  was  found  that  a  few  E9 
drifting  protons  could  be  stored  in  the  machine  in  this 
manner.  Since  they  are  non  synchronous,  they  were  not 
handled  properly  by  the  abort  system  and  a  significant 
fraction  would  reach  the  SC  dipoles  and  cause  a  quench. 
An  electron  lens  system  [7],  TEL,  is  used  to  limit  the 
accumulation  of  protons  lost  from  the  bucket.  It  is  gated 
on  in  the  abort  gaps  and  causes  large  betatron  oscillations 
to  develop  for  any  protons  passing  by.  These  protons  in  a 
few  turns  develop  a  large  enough  amplitude  to  be 
intercepted  by  the  collimator  and  are  detected  by  the 
EOLTOT  Scintillation  counter.  A  second  output  from  this 
counter  is  gated  in  coincidence  with  the  abort  gaps 
passage  and  thus  measures  the  intensity  of  the  protons  that 
are  in  the  abort  gaps. 

A  histogram  of  the  time  distribution  of  counts  relative 
to  a  turn  marker  for  the  EOLTOT  counter  is  shown  in  Fig. 
2.  The  transverse  losses  in  coincidence  with  the  bunches 
are  clearly  seen,  and  in  the  middle  of  the  abort  gap  one 
sees  the  effect  of  the  TEL  cleaning  out  protons.  The  18.8 
ns  RF  structure  is  seen  because  of  the  radial  change  due  to 
the  spiraling  particles  drifting  in  and  out  of  phase  with  the 
RF  voltage. 
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Figure  2.  A  histogram  of  the  counts  in  the  EOLTOT 
counter.  The  time  bins  are  2  ns  and  only  a  fraction  of  a 
turn  is  shown.  To  the  left  are  two  proton  bunches  and  on 
the  right  are  the  counts  caused  by  the  TEL  extracting 
protons  that  have  drifted  into  the  abort  gap. 

The  counting  rate  in  the  abort  gap  can  be  calibrated  so 
that  it  gives  an  online  measurement  of  the  bucket  losses. 
The  procedure  is  to  measure  the  slope  of  the  DCT  output 
which  is  proportional  to  the  total  charge  loss  in  the 
machine.  The  TEL  is  then  switched  off.  This  removes 
the  mechanism  by  which  protons  lost  from  the  bucket  are 
removed  from  the  machine.  They  are  still  lost  from  the 
bucket,  but  they  continue  to  circulate  and  so  are  measured 
by  the  DCT.  The  change  in  slope  of  the  DCT  output  then 
measures  the  RF  bucket  loss  and  can  be  used  to  calibrate 
the  counter. 
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Results 

Fig.  3  shows  a  graphical  summary  of  these 
measurements  on  a  single  store,  2424.  The  luminosity 
loss  is  shown  and  calculated  from  the  L  measured  at  CDF 
and  DO.  The  loss  due  to  gas  in  the  vacuum  chamber  is 
obtained  using  a  600  hour  lifetime  and  should  be 
considered  an  upper  limit.  The  losses  from  the  RF  bucket 
are  given  by  the  EOLTOT  counter  gated  on  the  abort  gap 
and  are  very  small  at  the  beginning  as  the  protons  are  very 
well  contained  in  the  bucket.  As  the  run  progresses  the 
longitudinal  emittance  grows  and  protons  start  to  diffuse 
out  of  the  bucket.  The  three  losses  just  mentioned  do  not 
add  up  to  the  total  losses  shown  in  Figure  1  as  a  dotted 
curve.  The  difference  between  this  sum  and  the  total 
losses  represent  transverse  losses  from  all  causes  and  as 
such  they  should  be  measured  by  the  EOLTOT  counter. 
The  rate  from  this  counter  scaled  by  25  is  shown  as  the 
dashed  curve  in  Fig  1 .  The  agreement  in  shape  of  the  two 
curves  suggests  that  this  interpretation  is  correct. 


Hours  into  store 


Figure  3.  The  proton  loss  rate  in  store  2424.  The  dotted 
curve  is  due  to  residual  gas  losses.  The  dashed  curve  is 
calculated  from  the  measured  luminosity  at  CDF  and  DO. 
The  curve  increasing  to  the  right  is  obtained  from  the 
measured  abort  gap  losses. 

Although  the  accuracy  of  these  measurements  is  not 
high,  they  do  furnish  on  line  information  and  guidance  for 
each  store  and  are  also  recorded  in  a  data  base  for  later 
detailed  analysis.  They  provide  a  good  monitor  of  the 
various  loss  mechanisms  in  the  machine  and  have  helped 
elucidate  the  physical  process  occurring  in  the  machine. 

The  pbar  behavior  is  interesting  in  contrast.  The 
residual  gas  interactions  and  other  loss  mechanisms  seem 
to  be  small.  A  loss  plot  for  the  pbars  is  shown  in  Fig.  4. 
The  main  loss  is  from  the  pbar-p  interactions.  There  is  a 
slight  error  in  the  absolute  values  used  for  some  of  the 
constants  that  result  in  the  sum  being  greater  than  the  total 
pbar  loss  rate.  In  any  case,  it  is  apparent  that  losses  in  the 
pbar  bunches  are  primarily  due  to  the  luminosity.  One 
method  of  increasing  the  luminosity  is  to  increase  the  pbar 
bunch  intensity,  and  so  behavior  similar  to  that  observed 
in  the  proton  case  can  be  anticipated. 


Hours  into  Store 

Figure  4.  The  top  black  curve  is  the  total  pbar  loss  rate. 
The  top  green/grey  curve  represents  the  loss  due  to  pbar-p 
interactions,  and  the  bottom  curve  is  loss  in  the  residual 
gas. 

Although  the  accuracy  of  these  measurements  is  not 
high,  they  do  furnish  on  line  information  and  guidance  for 
each  store  and  are  also  recorded  in  a  data  base  for  later 
detailed  analysis.  They  do  provide  a  good  monitor  of  the 
various  loss  mechanisms  in  the  machine  and  have  helped 
elucidate  the  physical  process  occurring  in  the  machine. 
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Abstract 

A  low  coupling  impedance  beam  position  monitor 
based  on  microwave  spectroscopy  is  proposed.  A  coaxial 
cavity  is  coupled  to  a  circular  beam  pipe  through  four 
small  longitudinal  slots.  Displaced  beams  excite  TE 
cavity  modes  that  can  be  detected  by  two  antennas. 
Applying  the  modified  Bethe’s  theory,  the  TEin  mode 
power  has  been  derived  as  a  function  of  the  beam 
displacement.  An  aluminium  prototype  has  been 
constructed  with  the  support  of  numerical  (HFSS) 
simulations.  Bench  measurements  using  a  coaxial  wire 
excitation  show  good  agreement  with  both  theoretical  and 
numerical  expectations. 


1  INTRODUCTION 

Different  methods  to  measure  beam  position  inside  the 
pipe  have  been  proposed  either  in  the  time  domain  than  in 
the  frequency  domain.  In  this  paper  we  describe  a  beam 
position  monitor  (b.p.m.)  that  measures  the  beam  position 
detecting  the  resonant  field  excited  by  the  bunch  train  in  a 
coaxial  cavity.  The  coaxial  cavity  is  coupled  to  the  beam 
pipe  through  four  identical  slots  (see  Fig.  1)  having  the 
longer  side  (/)  in  the  beam  direction  that  assure  a  small 
coupling  impedance  of  the  whole  device  [1].  The  length 
of  the  cavity  is  chosen  in  order  to  excite  a  transverse  TE 
mode.  The  beam  position  inside  the  pipe  can  be  calculated 
by  probing  the  field  in  the  cavity  with  a  small  antenna. 

We  will  describe  and  compare  three  different  methods 
to  evaluate  the  signal  in  the  cavity  as  a  function  of  the 
beam  displacement.  The  first  one  is  an  analytic  approach 
based  on  the  modified  Bethe’s  theory  [2].  The  second  one 
is  based  on  HFSS  [3]  simulations  and  the  third  one  is 
based  on  the  wire  measurements  method  [4]  made  on  an 
aluminium  prototype. 


2  ANALYTICAL  APPROACH  RESULTS 


A  sketch  of  the  beam  position  monitor  is  shows  in  Fig.  1 
with  the  dimensions  of  the  prototype  shown  on  Table  1. 

Considering  a  bunch  train  traveling  off-axis  at  a 
distance  r0  with  respect  to  the  center  of  the  beam  pipe,  the 
total  density  current  in  z=0  can  be  expressed  by  the 
summation: 


j(,)= 


tw-kT0) 

k=^o 


S(r~ro)^  cos  [m(ff -*?,)]  (J 


7ir, 


1  +  s. 


where  /(/)  is  the  current  distribution  of  the  singli 

bunch,  T0  is  the  bunches  spacing  and  c  is  the  velocity  o 
light.  The  spectrum  of  the  beam  current  is: 


Z7  (*  ~  kT0)  =  IQ  +  YJP  cos  {pco0t) 


p= i 


(2) 


where  coa=2nlT0,  I0  is  the  average  beam  current  and 
Ip  is  the  amplitude  of  the  Fourier  component  at  pw0  [5], 
By  assuming  a  Gaussian  bunch  distribution  we  obtain: 

m  =  =>/  =  2/^-0)  pl<  (3) 

j27l(Jz  p  ° 

where  <jz  is  the  rms  bunch  length. 


If  a  dipole  mode  of  the  cavity  is  tuned  in  order  to  resonate 
at  one  of  the  frequencies  of  the  beam  power  spectrum 
lines  (7n),  the  average  powers  extracted  by  two  probes 


coupled  with  the  two  azimuthal  polarities  and  p  ) 

can  be  expressed  as  a  function  of  the  beam  current  and 
transverse  displacement  in  the  general  form: 

l>(0)  =P(a>r,r0,<pl)7„2  (4) 

Knowing  by  theory,  simulations  or  calibrating 
measurements  the  coefficient  p ,  the  previous  system  of 

equations  (for  a  given  power  spectrum  lines  /„)  allows  to 
calculate,  in  principle,  the  values  of  r0  and  ^ . 


The  TEU1  mode  with  the  polarity  ^o,  according  to  the 

modified  Bethe’s  theory,  dissipates  an  average  power 
given  by  [2]: 

40)4facosfe)V0^  (5) 

where  R/Q  is  given  by: 
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*  = _ 4a>rfiA2d% _  (6) 

Q  {l-2aE(\  +  Q)A2f+{l-2aEA2f 
where  cor  and  Q0  are  the  resonant  angular  frequencies  and 
the  quality  factor  of  the  TEm  mode,  aE  is  the  electrical 

polarizability  of  the  single  slot  and  the  A  coefficient  is 
given  by  the  following  integral: 


v  J 


with  Jx  (r)=  J, {k,r)-Yx  {ktr)j[ (ktb)l y;  (k,b)>  the  prime  denote 
the  total  derivative  with  respect  to  the  argument  and 
*,=/( (oJcf-inlLf  • 

Considering  the  prototype  dimensions,  one  obtains  the 
values  of  a)r,  Q0  and  R/Q  reported  in  Table  2  (first 
column). 

The  value  of  the  normalized  power  p(Q)  /qJ2  as  a  function 
of  r0  for  (px  =  o  is  plotted  in  Fig.  2  and  compared  with  the 
simulation  and  measurement  results  (described  in  the  next 
section).  In  Fig.  3  the  same  quantity  is  plotted  as  a 
function  of  (px  for  r0=0.6  mm. 


Table  2:  theory,  simulations  and  measurements  results 


THEORY 

HFSS 

MEAS 

©r  [GHz] 

3.78 

3.74 

3.74  (tunable) 

Qo 

9600 

9100 

3500 

R/QfmQl 

36 

31 

39 

0.02: 


Figure  2:  pw/qi2  as  a  function  of  r0  for  cp0=0. 


3  SIMULATION  RESULTS 

To  compare  the  analytical  results  with  the  numerical 
simulations,  we  have  studied  the  coupling  impedance  of 
the  cavity  for  the  TEm  mode  as  a  function  of  the 
transverse  displacement  ro  and  (px .  We  have,  therefore, 
calculated  the  longitudinal  shunt  impedance  of  the  mode 
(Rs)  for  different  axial  positions,  using  the  Eigenmode 
Solver  of  HFSS. 

The  HFSS  model  is  shown  in  Fig.  4  with  the  obtained  E 
field  lines.  It  is  only  1/8  of  the  structure  with  proper 


magnetic  and  electric  boundary  conditions  on  the 
symmetry  planes.  The  average  dissipated  power  in  the 
cavity  corresponding  to  the  TEni  mode  is  given  by: 

p{2=\r,M12  (8) 

The  value  of  p™  /qji  is  plotted  in  Figs.  2-3  and 

compared  with  the  analytical  and  measurement  results. 
From  the  previous  plot  it  is  possible  to  verify  that  it  is 
possible  to  write  the  eq.  (8)  in  the  form: 

•  (9) 

The  values  of  cor ,  Qo  and  R/Q  obtained  by  the  simulations 
are  reported  in  Table  2  (second  column). 

If  the  cavity  is  coupled  through  a  small  probe  to  an 
external  load,  then  the  average  dissipated  power  in  the 
system  is  still  given  by  eq.  (5)  or  (9)  but  with  Q0  replaced 
by  the  loaded  QL.  The  average  power  dissipated  in  the 
load  ( j>g) )  is  related  to  the  power  dissipated  in  the  cavity 
by: 

+  OO) 

where  is  the  coupling  coefficients  between  the  probe 

and  the  cavity  mode  TEm  and  it  can  be  obtained  from 
reflection  measurement  at  the  probe  port. 


Figure  4:  HFSS  model  with  E  field  lines. 


4  PROTOTYPE  MEASUREMENTS 

Wire  measurements  have  been  performed  on  the 
aluminum  prototype  shown  on  Fig.  5.  An  antenna  probes 
the  signal  in  the  cavity. 
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Figure  5:  beam  position  monitor  prototype. 


done  from  the  point  of  view  of  the  induced  errors  in  the 


measurement  setup. 

By  the  system  of  equations  (4)  it  is  possible  to  calculate 
the  position  of  the  bunches  in  the  beam  pipe  when  the 
b.p.m  is  inserted  in  the  accelerator,  by  the  formulae: 


<P  i 


ypj»/2)  /p+pg  ip 

l 


=  ±  arctan 


f  p(*/2) 
_  Ext. 

D(  0) 
rExt 


±71 


(12) 


where  the  calibration  coefficient  P  is  given  by: 


p=Iz  MgJ  i 

-"2  ‘  f02 


(13) 


frcq 

Figure  7:  measured  transmission  coefficients  (S12,  S31). 


5  CONCLUSIONS 


Figure  6:  measurement  setup 

The  measurements  setup  is  shown  Fig.  6a  and 
schematically  represented  in  Fig  6b.  The  wire  has  a  radius 
of  1.5  mm.  In  order  to  minimize  reflections  at  the  ports  1 
and  2  we  have  inserted  two  tapered  sections  that  match 
the  50  Q,  impedance  of  the  Network  Analyzer  with  the 
-114  Q  impedance  of  the  wire  in  the  beam  pipe.  To  excite 
the  dipolar  mode  TE]  j  {  the  wire  inside  the  beam  pipe  has 
been  properly  displaced  from  the  axis  of  the  beam  pipe. 
To  this  purpose,  a  thin  nylon  wire  has  been  connected  to 
the  wire  in  order  to  displace  it  from  the  beam  pipe  axis  in 
a  controlled  way  and  to  excite  the  polarity  <pQ.  The 

measured  transmission  coefficient  S21  and  S3l  are  shown 
in  Fig.  7  for  a  displacement  of  the  wire  of  ~1.5  mm. 

The  average  dissipated  power  in  the  cavity  is  given  by: 

pco)  _  z>(0)  (L+  0)  _  1  7  l^3i (^r)|  (l +  /?)-,  nn 

e  ‘r-Yvb'l  fi  ” 

The  plot  of  /w)  /  qJi  as  a  function  of  r0  is  reported  in 

Fig.  2.  It  is  clear  that  jm  can  be  written  in  the  form  (5) 

or  (9)  and  the  equivalent  R/Q  is  reported  in  Table  2.  The 
Q  factor  of  the  resonant  mode  is  lower  than  the  theoretical 
one  because  of  RF  losses  in  the  mechanical  contacts. 
Similar  considerations  than  those  developed  in  [6]  can  be 


A  novel  bunch  position  monitor  has  been  described. 
Measurements  on  an  aluminium  prototype  have  been 
compared  to  the  theoretical  and  numerical  expectations  of 
the  power  dissipated  by  the  first  dipolar  mode  in  the 
cavity.  The  compare  shows  a  good  agreement  between 
theory  and  simulations  expecially  considering  the 
mechanical  differences  between  the  prototype  and  the 
ideal  structure.  These  results  confirm  the  potential 
application  of  this  device  as  a  beam  position  monitor.  The 
very  low  coupling  impedance  of  the  device  and  the 
possibility  of  calibration  by  simple  wire  measurements 
make  the  device  hopefully  usable  in  the  accelerator 
machines. 
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Abstract 

We  have  recently  replaced  the  synchrotron  light  extrac¬ 
tion  chamber  for  the  KEKB  Low  Energy  Ring  (LER)  SR 
monitor.  The  beam  pipe  was  changed  to  copper  to  mini¬ 
mize  resistive-wall  heating,  and  the  optical  apertures  were 
made  as  small  as  permitted  by  light  extraction  requirements 
in  order  to  reduce  HOM  power  leakage.  The  new  cham¬ 
ber  shows  almost  none  of  the  heating  problems  of  the  old 
chamber,  and  previous  problems  with  the  orientation  of  the 
extraction  mirror  changing  due  to  heat  expansion  of  the 
beam  pipe  have  been  essentially  eliminated.  The  design 
and  performance  of  the  new  chamber  are  presented. 

HISTORY  OF  OLD  CHAMBER 

The  original  LER  synchrotron  radiation  extraction 
chamber  was  installed  in  the  ring  in  1998  prior  to  the  initial 
commissioning.  The  design  employs  a  cylindrical  vacuum 
chamber  through  which  runs  a  segment  of  beam  pipe.[l] 
Both  chamber  and  beam  pipe  are  made  of  stainless  steel. 
The  water-cooled  beryllium  extraction  mirror  is  mounted 
in  a  notch  in  one  side  of  the  beam  pipe  at  a  45-degree  an¬ 
gle.  RF  contact  fingers  are  used  to  mate  the  mirror  to  the 
edges  of  the  notch. 

Opposite  from  the  extraction  mirror  are  two  titanium- 
coated  windows  mounted  in  the  wall  of  the  beampipe.  One 
window  is  directly  across  the  pipe  from  the  extraction  mir¬ 
ror  in  the  synchrotron  light  path.  The  other  window  is  lo¬ 
cated  next  to  the  first  one  and  is  used  for  observation  of 
the  mirror  surface  and  to  check  the  proper  seating  of  the 
RF  fingers  around  the  mirror.  The  interior  windows  are 
coated  with  a  thin  layer  of  titanium  (0.5  microns)  to  min¬ 
imize  disturbance  to  surface  currents  in  the  wall,  however 
the  windows  are  not  vacuum  sealed.  Sealed  windows  are 
located  on  the  outer  chamber  on  axes  extending  from  the 
mirror  and  through  the  inner  windows. 


Figure  1:  Original  chamber,  exterior  view. 


The  original  chamber  exhibited  heating  problems  at  high 


Ibaraki  305-0801  Japan 

beam  currents.  A  measurement  of  the  temperature  of  the 
interior  beam-pipe  temperature  at  the  middle  of  the  cham¬ 
ber  showed  temperatures  in  excess  of  200  degrees  even  at 
relatively  low  maximum  beam  currents  of  700  mA  in  the 
LER  (see  Fig.  2).  An  analysis  of  the  wall-current  heating 
in  the  stainless  steel  chamber  walls  showed  that  at  700  mA 
the  expected  temperature  rise  would  be  about  175  degrees, 
which  added  to  the  ambient  tunnel  temperature  of  25  de¬ 
grees  explains  the  observed  temperature  rise.  At  a  beam 
current  of  2000  mA,  the  expected  temperature  rise  would 
be  a  catastrophic  500  degrees. 

In  February  of  2002,  after  about  10, 000  heating  cycles 
(beam  current  cycles)  of  the  beam  pipe,  the  welds  attach¬ 
ing  the  mounting  frame  for  the  windows  to  the  beam  pipe 
failed,  due  to  the  thermal-expansion  stress.  The  rest  of 
the  Spring  2002  run  was  completed  without  the  windows 
present,  until  the  new  chamber  was  installed  in  the  sum¬ 
mer. 

Upon  inspection  of  the  windows,  it  was  found  that  the 
titanium  coating  had  largely  evaporated  away,  indicating 
that  the  windows  had  not  been  providing  an  effective  RF 
seal.  The  exterior  of  the  enclosing  chamber  had  exhib¬ 
ited  a  temperature  rise  with  beam  current  of  35  deg,  up 
to  60  deg,  which  may  have  indicated  the  leakage  of  HOM 
power  from  the  beam  pipe  windows.  Further  evidence  of 
this  phenomenon  was  provided  when  leads  to  thermocou¬ 
ples  inside  the  beam  chamber  began  arcing  to  the  chamber 
walls. 

Besides  structural  problems  due  to  heating,  the  expan¬ 
sion  and  contraction  of  the  beam-pipe  caused  the  extrac¬ 
tion  mirror  to  be  moved,  which  threw  the  optical  axis  out 
of  alignment.  This  problem  was  corrected  for  by  the  im¬ 
plementation  of  an  optical-axis  feedback  loop,  wherein  the 
position  of  the  SR  interferogram  on  the  camera  CCD  face 
was  held  constant  by  continuously  adjusting  the  horizontal 
and  vertical  orientations  of  a  movable  mirror  mounted  just 
outside  the  extraction  chamber.  [2]  The  compensation  an¬ 
gles  as  a  function  of  changing  beam  current  during  typical 
physics  runs  are  shown  in  Fig.  3.  The  maximum  peak-to- 
peak  excursions  in  the  vertical  direction  reached  1  millira- 
dian,  which  if  uncorrected  would  have  rendered  the  inter¬ 
ferometer  (located  30  meters  downstream  of  the  extraction 
mirror)  unusable. 

FEATURES  OF  NEW  CHAMBER 

The  new  chamber  is  shown  in  Figures  6,  7  and  8.  The 
most  significant  change  was  to  make  the  beampipe  out  of 
copper,  except  for  a  section  of  beampipe  outside  the  con¬ 
tainment  chamber  connecting  to  a  flange  which  was  made 
of  copper-plated  stainless  steel.  The  greater  conductivity 
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LER  Beam  Current  (mA) 

Figure  2:  Old  beam-pipe  temperature  dependence  on  beam 
current. 

of  copper  compared  to  stainless  steel  reduces  the  resistive 
heating  from  wall  currents,  and  the  higher  heat  conduc¬ 
tance  of  copper  helps  dissipate  what  energy  does  get  de¬ 
posited  and  prevent  the  temperature  build-up  seen  in  the 
stainless-steel  chamber. 

In  the  case  of  stainless  steel,  a  1  A  beam  current  at  4- 
bucket,  or  8  nsec,  spacing,  will  induce  20  W  of  heating  in 
the  walls.  Without  full-surface  cooling,  this  heat  deposition 
would  generate  a  temperature  gradient  of  140  degrees/10 
cm  along  the  beam  pipe  wall.  Copper,  with  its  greater  con¬ 
ductivity  and  thermal  conductance  was  estimated  to  gener¬ 
ate  only  3.5  degrees/10  cm,  a  negligible  temperature  rise. 
Switching  to  copper  was  considered  easier  than  redesign¬ 
ing  the  cooling  system. 

Measurements  of  the  temperature  of  the  inside  beam 
pipe  wall  show  that  the  temperature  rise  has  in  fact  been 
reduced  by  two  orders  of  magnitude  as  seen  in  Fig.  4. 

MAFIA  simulations  indicated  that  at  full  current  poten¬ 


LER  Beam  Current  (mA) 

Figure  4:  New  beam-pipe  temperature  dependence  on 
beam  current. 

tially  problematic  levels  of  HOM  power  could  be  expected 
to  leak  from  the  extraction  apertures  in  the  inner  beampipe 
used  in  the  original  design.  The  decision  was  made  to  re¬ 
duce  all  apertures  as  much  a  possible  while  remaining  com¬ 
patible  with  light-extraction  needs. 

The  inner  light-extraction  window  was  replaced  by  a 
smaller  aperture.  The  light-extraction  port  in  the  outer 
chamber  was  also  reduced  in  radius  to  minimize  the  leak¬ 
age  of  HOM  power  to  the  movable  mirror  assembly  lo¬ 
cated  just  outside  the  outer  chamber  window.  A  free-space 
gap  was  maintained  between  the  beam  pipe  and  the  outer 
chamber  in  order  to  dissipate  as  much  of  the  HOM  power 
inside  the  outer  chamber  as  possible,  before  reaching  the 
final  light-extraction  port. 

Since  the  titanium  coating  had  not  proven  effective,  the 
quartz  windows  were  eliminated.  The  observation  port  was 
eliminated  entirely,  a  simplification  enabled  by  changing 
the  way  the  extraction  mirror  is  mounted.  Previously  the 


Figure  3.  Optical-axis  feedback  correction  angles  depen-  Figure  5:  Optical-axis  feedback  correction  angles  depen¬ 
dence  on  beam  current  with  old  chamber.  dence  on  beam  current  with  new  chamber. 
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mirror  was  suspended  from  a  micrometer  stage  mounted 
on  the  lid  of  the  chamber,  necessitating  fine-tuning  of  its 
seating  after  the  lid  had  been  shut.  Now  the  mirror  is 
mounted  from  the  bottom  of  the  chamber,  so  its  seating  can 
be  checked  while  the  lid  of  the  outer  chamber  is  still  open, 
eliminating  the  need  for  the  observation  port  to  check  the 
mirror  seating  from  the  outside  of  the  chamber. 

The  thermocouple  leads  for  monitoring  the  internal 
beam  pipe  temperature  are  encased  in  a  grounded  sheath 
and  carefully  routed  to  avoid  any  possibility  of  arcing  from 
leaking  HOM  fields.  In  addition,  mounting  flanges  (see 
Fig.  7,  lower  right  comer)  are  provided  in  the  ceiling  and 
floor  of  the  outer  chamber  as  locations  in  which  to  mount 
SiC  absorbers  should  they  prove  necessary.  However,  as 
the  outer  chamber  temperature  shows  negligible  tempera¬ 
ture  rise  with  beam  current,  such  absorbers  have  proven 
unnecessary. 

PERFORMANCE 

Due  to  the  reduction  of  the  beam-pipe  temperature  rise, 
the  motion  of  the  mirror  as  a  function  of  beam  current  has 
been  greatly  reduced.  The  optical  axis  feedback  compen¬ 
sation  angles  for  the  new  chamber  are  shown  in  Fig.  5. 
Comparison  with  Fig.  3  shows  that  the  optical  axis  align¬ 
ment  drift  has  been  greatly  reduced,  to  the  point  that  the 
operation  of  the  feedback  loop  is  no  longer  required.  This 
has  made  setup  of  stable  optical  beamlines  for  SR  studies 
much  easier. 

The  HER  SR  chamber  is  of  a  similar  design  to  the  origi¬ 
nal  LER  one,  and  exhibits  the  same  heating  and  optical-axis 
drift  problems.  Therefore  we  will  be  replacing  the  HER 
chamber  with  one  similar  to  the  new  LER  chamber  during 
the  summer  2003  shutdown  period. 


Figure  6:  Installation  of  new  LER  synchrotron  radiation 
extraction  chamber. 
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Figure  7:  Inside  of  new  LER  synchrotron  radiation  extrac¬ 
tion  chamber,  showing  light  extraction  aperture  in  beam- 
pipe  (center). 


Figure  8:  Inside  of  new  LER  synchrotron  radiation  ex¬ 
traction  chamber,  showing  extraction  mirror  (lower  left) 
and  light-extraction  aperture  in  outer  chamber  wall  (mid¬ 
dle  right). 
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Abstract 

An  optical  diagnostics  system  using  visible 
synchrotron  radiation  has  been  installed  in  the  PF 
advanced  ring.  This  system  is  capable  of  imaging 
measurements,  SR  interferometory  measurements,  and 
longitudinal  profile  measurement  via  streak  camera.  The 
interferograms  are  processed  automatically,  and  the 
results  of  beam  size  measurements  are  displayed  on  a 
CRT  panel  for  the  continuous  real-time  measurements  of 
beam  size.  Some  free  ports  are  also  available  for 
performing  machine  studies. 


INTRODUCTION 

The  Photon  Factory  Advanced  Ring  (PF-AR)  was 
originally  constructed  as  a  booster  for  the  TRISTAN 
project.  The  ring  was  partially  used  as  an  X-ray  source. 
The  ring  has  been  upgraded,  and  reborn  as  a  dedicated 
pulse  X-ray  source  [1].  In  the  upgrade  project,  several 
systems  (vacuum  ducts,  BPM,  etc.)  were  improved  in 
order  to  achieve  a  good  performance  as  a  dedicated  SR 
source.  Since  monitoring  the  beam  profile  or  beam  size 
using  synchrotron  radiation  improves  the  efficiency  of  the 
commissioning  of  the  ring,  we  decided  to  construct  a  new 
synchrotron  radiation  (SR)  beam  monitor  system  by  the 
use  of  as  a  part  of  the  upgrade  project  of  the  PF-AR.  In 
this  paper,  it  is  described  that  design  and  construction  of 
the  new  SR  monitor  for  PF-AR. 

SR  EXTRACTION  AND  OPTICAL  PATH 
TO  MONITOR  HUT 

The  visible  part  of  SR  beam  radiated  from  the  NW5- 
bending  magnet  is  extracted  by  a  water-cooled  beryllium 
mirror.  A  metal  O-ring-sealed  optical  glass  window  is 
used  to  separate  the  ultra  high  vacuum  of  the  ring  and 
the  outside  air  [2].  Downstream  of  the  extraction  mirror, 
the  SR  beam  is  divided  into  two  beams  by  a  beam 
splitter.  Since  the  focusing  system  doesn’t  need  intense 
beam,  we  supply  2%  of  the  total  beam  to  the  focusing 
system  (beam  line  No.l).  The  remaining  98%  of  the 
beam  is  supplied  to  the  SR  interferometer,  streak  camera 
and  the  other  instruments  for  machine  studies  (beam  line 
No.2).  The  SR  beams  are  relayed  to  the  end  of  the 
optical  path  by  several  mirrors.  The  total  length  of  the 
optical  path  is  about  19m  and  closed  by  aluminum  tubes 
and  boxes  (not  evacuated)  to  reduce  the  turbulence  effect 
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of  the  air.  The  mirrors  in  the  beam  lines  are  aligned  by 
an  auto-collimation  method  using  a  He-Ne  laser.  The 
outline  of  the  arrangement  of  optical  paths  is  shown  in 
Fig  1.  At  the  end  of  the  optical  path,  the  SR  monitor  hut 
is  set  on  the  ground  floor. 

Ground  floor 


Figure  1  :  Outline  of  optical  path. 
Circles  denote  flat  mirrors. 


IMAGING  SYSTEM  FOR  PROFILE 
MEASUREMENT 

A  conventional  beam  profile  monitor  based  on  a 
focusing  system  [3]  is  set  at  the  end  of  beam  line  No.l. 
A  typical  image  of  the  beam  profile  is  shown  in  Fig  2. 
This  profile  is  observed  at  a  beam  energy  of  6.5GeVand 
a  beam  current  of  50mA. 


Figure  2  :  An  example  of  observed  beam  profile  taken  at 
50mA,  6.5GeV. 
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SR  INTERFEROMTER  FOR 
MONITORING  BEAM  SIZE 

The  SR  interferometer  is  used  to  monitor  the  beam 
size.  Two  independent  SR  interferometers  are  set  at  the 
end  of  branch  beamline  No.2  for  measurements  of  both 
vertical  and  horizontal  beam  sizes.  We  use  an  aplanatic 
Fizeau  type  double-slit  SR  interferometer  for  the 
horizontal  beam  size  measurement  [4]  as  illustrated  in  Fig 
3. 


Figure  3:  Aplanatic  Fizeau  type  double-slit  SR 
interferometer  for  the  horizontal  beam  size  measurement. 


For  the  vertical  beam  size  measurement,  we  use  a 
nonaplanatic  Michelson  type  SR  interferometer  [4]  as 
illustrated  in  Fig  4. 


Figure  4:Nonaplanatic  Michelson  type  SR  interferometer 
for  vertical  beam  size  measurement. 


OBSERVATION  OF  WAVEFRONT 
DISTORTION  AND  CALIBRATION  OF  SR 
INTERFEROMETER 

To  observe  the  thermal  deformation  of  the  beryllium 
extraction  mirror,  we  set  the  Hartmann-screen  type 
wavefront  sensor  next  of  the  extraction  mirror  [5].  We 
used  a  100-hole  square-array  screen.  The  hole  diameter 
is  carefully  optimized  by  diffraction  analysis  at  the 
observation  point  in  the  hut.  Since,  a  hole  smaller  than 
1mm  gives  a  spread  projection  pattern,  we  adopt  a  1mm 
hole  diameter.  This  hole  gives  a  Fraunhofer-like 
diffraction  pattern  and  has  a  sharp  peak  in  the  center. 
The  interval  of  the  holes  should  be  also  small  to  have  a 
sufficient  number  of  sampling  points  on  the  wave  front, 
but  not  so  small  that  the  interference  fringe  pattern 
between  surrounding  holes  stands  out.  We  use  a  hole 
interval  of  5mm.  The  square-array  screen  is  fixed  on  a 
moving  stage,  and  is  removed  from  the  beamline  during 
operation  of  the  instruments. 

In  the  SR  interferometer  measurement,  the  actual 
separation  of  the  double  slit  of  the  interferometer  is 
changed  by  deformation  of  the  mirror.  To  find  the  ideal 
separation  between  the  two  rays  at  the  location  of  the 
double  slit,  we  use  a  single-hole  screen.  We  can  probe 
the  paths  of  two  ideal  rays  by  scanning  the  single-hole 
screen  in  the  plane  which  is  perpendicular  to  the  optical 
axis  as  illustrated  in  Fig  5. 


By  this  design,  the  interferogram  is  given  by, 
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Figure  5:  Setup  to  find  the  ideal  separation  of  double  slit 
by  scanning  a  single-hole  screen. 


AUTOMATIC  BEAM-SIZE 
MEASUREMENT  SYSTEM 


where  D2  denotes  the  separation  of  the  double  slit,  and  Dj 
is  the  fixed  separation  between  the  two  rays  [4].  With  this 
configuration  of  the  SR  interferometer,  the  spatial 
frequency  of  the  interferogram  is  a  function  of  Dj  and  the 
modulation  of  the  interferogram  is  a  function  of  D2. 
Since  we  can  choose  a  fixed  small  separation  of  Di,  and  a 
movable  large  separation  of  D2  in  this  configuration,  we 
can  easily  measure  the  modulation  of  the  interferogram  in 
the  vertical  small  beam  size  measurement. 


Using  a  Gaussan  beam  profile  approximation,  we  can 
measure  the  RMS  beam  size  from  one  measurement  of 
visibility  from  an  interferogram  [4],  which  is  measured  at 
a  fixed  separation  of  the  double  slit.  The  RMS  beam  size 
CTbeam  is  given  by  , 
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where  y  denotes  the  visibility,  which  is  measured  at  a 
double  slit  separation  of  D  and  R  is  the  distance  between 
the  beam  source  point  and  the  double  slit.  To  find  the 
visibility  yfrom  the  interferogram,  we  use  the  standard 
Levenberg-Marquart  method  for  non-linear  fitting  [6]. 
After  processing  of  the  interferogram,  the  results  are 
displayed  on  a  CRT  panel.  Figure  6  shows  an  example  of 
the  display  panel.  The  interferogram,  best  fit  curve  and 
beam  size  trend  graphs  are  shown  in  the  panel. 


Figure  6:  Display  panel  for  automatic  beam  size 
measurement.  This  example  shows  a  panel  for  vertical 
beam  size  measurement. 

PORTS  FOR  MACHINE  STUDIES 

We  prepared  some  extra  ports  for  machine  studies  at 
beam  line  No.2.  White,  monochromatic  (  AAA:  10'1  to 
10'  ),  and  polarized  beams  are  available  for  optical 
measurements.  Two  of  the  machine  study  ports  are 
always  occupied  by  a  streak  camera  and  a  fast  gated 
camera.  By  combining  these  two  instruments,  we  are 
capable  of  measuring  the  instantaneous  transverse  and 
longitudinal  beam  profiles  simultaneously. 

REFLECTIVE  OPTICS  FOR  STREAK 
CAMERA 

In  the  time-domain  measurement  using  the  streak 
camera,  it  is  important  to  design  an  incidence  optical 
system  which  has  an  optical  path  difference  (OPD)  as 
small  as  possible.  In  ordinary  use  of  the  streak  camera 
such  as  for  a  laser,  the  incident  light  is  almost 
monochromatic.  Because  we  need  an  intense  light  pulse 
for  the  streak  camera,  we  prefer  to  avoid  using  a  band¬ 
pass  filter,  instead  using  white  light.  For  this  reason,  we 
designed  incident  optics  using  reflective  optics  which 
have  no  chromatic  aberration.  Figure  7  shows  an 
illustration  of  incident  optics  based  on  reflective  optics. 
The  design  of  the  incident  optics  consists  of  two  stages; 
the  first  stage  is  a  Cssegrain-type  objective  [7]  and  the 
second  stage  is  Offner-type  relay  system  [7). 


Ofliier’s  relay  system 


Figure  7  Illustration  of  incident  optics  design  based  on 
the  reflective  optics. 


The  Cassegrain  type  objective  makes  an  image  of  the 
beam  on  the  entrance  slit  of  the  second  stage.  The  light 
is  sampled  at  the  entrance  slit  then  relayed  onto  the 
photo  electrode  of  the  streak  camera  by  the  Offiier-type 
relay  system.  A  photograph  of  the  Offner-type  relay 
system  with  the  streak  camera  is  shown  in  Fig  8. 


Figure  8:  A  photograph  of  the  Offner-type  relay  system 
with  the  streak  camera.  The  cover  of  the  Offner-type 
relay  system  is  opened  to  show  the  inside. 
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Abstract 

The  position  information  of  the  most  recently  injected 
beam  from  the  linac  is  obtained  by  picking-up  the  signal 
of  the  harmonic  component  of  the  beam,  if  the  bunch 
structure  disappears  during  one  turn  due  to  the 
momentum  spread.  The  experiment  for  201  MHz  pickup 
was  performed  in  the  KEK  booster  ring,  and  is  compared 
with  the  simulation.  The  possible  application  of  this 
method  to  the  3GeV  rapid  cycling  synchrotron  in  the 
Japan  Proton  Accelerator  Research  Complex  (J-PARC)  is 
also  addressed. 

1  INTRODUCTION 

In  the  KEK  500MeV  booster  synchrotron,  40MeV  H' 
beams  from  the  201  MHz  linac  are  injected  by  multitum 
process  during  40  \is  or  less.  The  beam  dilutes  in  a 
longitudinal  direction  due  to  the  momentum  spread  as, 

AT/T  =  (a-l/y2)APIP,  (1) 

where,  T  is  the  revolution  period,  a  the  momentum 
compaction  factor,  y  the  Lorentz  gamma,  and  P  the 
momentum.  The  evolution  of  the  bunch  structure  in  the 
ring  is  shown  in  Fig.l,  where  the  micro-bunches  are 
injected  every  5  ns  with  A P/P  of  ±0.35  %  and  bunch 
length  of  ±35  deg  at  the  linac  output.  Figure  2  shows  the 
harmonic  components  of  bunches.  It  is  clearly  seen  that 
the  harmonics  fade  away  very  quickly  during  turns.  It  is 
then  suggested  that,  if  the  beam  position  monitor  (BPM) 
picks  up  these  harmonics,  the  position  information  of  the 
most  recently  injected  beam  can  be  obtained  irrespective 
of  the  positions  of  the  previously  injected  beams. 


Time  [ns] 

Figure  1 :  Bunch  structures  during  subsequent  turns  in  the 
KEK  booster  ring. 
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Turn 

Figure  2:  Evolution  of  each  harmonic  component  during 
turns.  The  signal  intensity  is  normalised  to  Oth-tum 
value. 

2  EXPERIMENTS 

2,1  EXPERIMENTAL  SETUP 

The  KEK  booster  is  a  rapid  cycling  synchrotron  (RCS) 
at  20Hz  repetition,  the  circumference  of  which  is  37.7  m 
and  the  revolution  period  at  injection  about  445  ns.  The 
injection  is  performed  by  charge  exchange  method  using 
a  carbon  stripping  foil.  The  BPM  is  an  electrostatic  type 
and  has  4  electrodes  [1],  which  is  located  3.6  m 
downstream  of  the  stripping  foil.  The  pickup  signals  are 
fed  into  an  isolation  transformer  and  transferred  through 
coaxial  cables  to  the  central  control  room.  The  typical 
pulse  height  of  the  raw  signal  is  several  milli-volts.  These 
were  inputted  to  an  oscilloscope  with  a  2GHz  sampling 
rate,  and  then  transferred  to  a  PC  where  the  FFT 
calculations  were  performed  over  each  445ns  time  range. 
The  harmonics  used  to  calculate  the  position  is  201  MHz 
because  the  signals  of  higher  harmonics  are  too  small. 
The  conversion  to  the  position  from  the  201  MHz 
amplitude  is  given  by 

x  =  k(R-L)/(R  +  L),  (2) 

where  R  and  L  is  the  signal  from  the  right  and  left 
electrode,  respectively,  k  the  conversion  coefficient  to 
position.  The  k- value  of  this  study  is  1 9.84  mm. 

In  order  to  compare  the  beam  positions  with  and 
without  the  presence  of  the  circulating  beam,  the 
extraction  bump  magnet  is  provided  downstream  the 
BPM,  which  kicks  the  beam  out  so  as  to  prevent  the 
further  excursion.  At  the  40MeV  beam-transport  line,  the 
momentum  analyser  system  is  available  to  observe  the 
momentum  distribution  of  the  incoming  H‘  beam. 
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2.2  EXPERIMENTAL  RESULTS 

In  order  to  check  the  performance  of  the  BPM,  the 
injected  beam  was  kicked  by  a  horizontal  steering  magnet 
located  at  the  40MeV  beam-transport  line.  The  beam 
position  versus  the  steering  magnet  current  is  shown  in 
case  that  the  extraction  bump  is  ON.  The  error  bars  in  the 
figure  indicate  the  fluctuations  in  the  consecutive  five 
measurements.  As  expected,  linear  dependence  is 
obtained. 


Current  of  Steering  Magnet  (A) 

Figure  3:  Steering  current  vs.  position  response. 
Line  is  fitted  above  the  current  -3  Amps. 


Figure  4  shows  the  comparison  of  the  signals  in  the 
horizontal  plane  with  the  extraction  bump  magnet  On  and 
Off.  It  is  clear  that  the  electrode  signals  and  thus  the  beam 
positions  are  different  each  other,  which  implies  that  the 
201  MHz  component  survives  more  than  one  revolution  in 
the  ring. 
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Figure  4:  Experimental  results  of  the  sum  signal  of 
horizontal  electrodes  (top)  and  the  position  (bottom). 


Figure  5:  Experimental  results  of  the  sum  signals  with 
RF  Off. 

As  shown  in  Fig.5,  the  bump  of  201  MHz  component 
appeared  after  the  injection  end.  Such  bumps  can  be 
thought  as  re-bunching  in  the  ring.  The  data  was  taken 
when  the  RF  system  of  the  ring  is  turned  off  for  simplicity. 

3  ANALYSIS 

Parameters  in  the  simulation  are  the  central  energy, 
and  the  shape  and  width  of  the  momentum  spread  of  the 
injected  beam.  Typical  momentum  distribution  is  shown 
in  Fig.6.  The  output  of  the  velocity  monitor  in  the  40 
MeV  line  was  used  to  determine  the  central  energy  of  the 
beam.  The  influence  of  RF  or  the  space  charge  effect  was 
not  included:  space  charge  effect  for  one  revolution  is 
about  8.8  KeV,  which  is  much  smaller  than  the  typical 
energy  spread  of  the  bunch,  274  KeV.  In  calculation, 
bunches  are  injected  by  multi-turn  injection  in  the  same 
manner  as  the  practical  beam  injection.  The  time  and  the 
output  signals  of  the  BPM  are  recorded  and  accumulated. 
After  the  end  of  tracking  calculation  for  all  particles,  the 
201  MHz  component  is  picked  up  by  FFT,  and  then  the 
position  information  is  deduced.  Figure  7  shows  the 
calculation  result  which  compares  to  Fig.4.  The  initial 
values  for  (x,  x)  were  given  so  as  to  reproduce  the 
experimental  position  with  the  extraction  bump  On. 
General  trend  of  the  calculation  agrees  well  with  the 
experiment. 

Figure  8  shows  the  calculation  which  produces  the 
201  MHz  bump  after  the  injection  end.  A  square 
momentum  distribution  with  ±0.3  %  spread  is  assumed 
although  this  distribution  is  slightly  different  from  that  in 
Fig.6:  it  should  be  noted  that  the  operating  condition  of 
the  linac  during  the  course  of  this  experiment  was  not 
always  stable.  The  momentum  distribution  might  be 
changing. 
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Figure  6:  Momentum  distributions  by  the  analyser  magnet 
system  in  the  40MeV  line.  Each  line  is  obtained  in  every 
0.8  (is.  AP/P  =  0.0735  %  /channel. 


Figure  7:  Results  of  simulation  for  Fig.4.  The  data  of 
momentum  analyser  was  used  in  the  simulation. 


Figure  8:  Simulation  of  re-bunching  which  compares  to 
the  experiments  in  Fig.5.  A  square  momentum 
distribution  with  ±0.3%  spread  is  employed. 


4  APPLICATION  TO  J-PARC 

In  the  3GeV  RCS  of  the  J-PARC,  painting  injection 
which  forms  a  uniform  density  distribution  in  the  real 
space  is  planned[2].  In  order  to  precisely  control  such  a 
process,  a  realtime  monitoring  system  of  the  injected 
beam  is  foreseen.  Parameters  of  the  beam  and  the  RCS 
are:  fundamental  frequency  of  the  micro-bunches  from 
the  400MeV  linac  is  324MHz,  the  micro-bunch  length 
±17deg  with  AP/P<0.1%  at  the  stripping  foil,  the 
circumference  348m,  and  the  momentum  compaction 
factor  0.001197.  The  evolution  of  each  harmonics  in  the 
RCS  is  shown  in  Fig.9.  Since  the  bunch  length  at  the  foil 
is  short,  the  intensity  of  the  higher  harmonics  is  high 
enough  to  be  observed.  If  the  BPM's,  which  are  based 
upon  the  3rd  harmonics,  are  distributed  in  the  ring,  the 
phase  coordinates  of  the  most  recently  injected  beam  can 
be  deduced  because  almost  no  3rd  harmonics  survives 
over  one  turn  as  can  be  seen  in  the  figure. 


Turn 

Figure  9:  Evolution  of  each  harmonic  component  in  the 
J-PARC  RCS.  The  signal  intensity  is  normalised  to  0th- 
tum  for  each  harmonic  frequency. 

5  SUMMARY 

The  study  of  the  beam  position  monitor  in  the  KEK 
booster  ring  is  in  progress  which  observes  the 
fundamental  frequency  of  the  linac  beam.  The  agreement 
between  the  experiment  and  the  simulation  is  reasonably 
well  although  the  simulation  showed  evolution  of  the 
harmonics  is  quite  sensitive  to  the  momentum  distribution 
of  the  injected  beam.  The  application  of  this  method  to 
the  J-PARC  3GeV  ring  seems  promising  in  order  to 
realtime  monitor  the  painting  injection  process  if  the 
BPM's  are  based  upon  the  3rd  harmonic  component  of  the 
400MeV  linac  beam. 
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Abstract 


The  Los  Alamos  Neutron  Science  Center  (LANSCE)  is 
installing  two  beam  lines  to  both  improve  operational 
tuning  and  provide  new  capabilities.  The  Isotope 
Production  Facility  (IPF)  will  provide  isotopes  for 
medical  purposes  by  using  the  H+  beam  spur  at  100  MeV 
and  the  Switchyard  Kicker  Upgrade  (SYK)  will  allow  the 
LANSCE  800-MeV  H  beam  to  be  rapidly  switched 
between  various  beam  lines  within  the  facility.  The  beam 
position  instrumentation  for  both  of  these  beam  lines  uses 
a  micro-stripline  beam  position  monitor  (BPM)  with  a  50- 
mm  or  75-mm  radius.  The  cable  plant  is  unique  in  that  it 
unambiguously  verifies  the  operation  of  the  complete 
position  instrumentation.  The  processing  electronics  use 
a  log  ratio  technique  with  error  correction  such  that  it  has 
a  dynamic  range  of  -12  dBm  to  -85  dBm  with  errors  less 
than  0.15  dB  within  this  range.  This  paper  will  describe 
the  primary  components  of  these  measurement  systems 
and  provide  initial  data  of  their  operation. 

IPF  AND  SYK  BEAM  LINES 

The  LANSCE  facility  is  constructing  an  IPF  to  provide 
radioisotopes  for  diagnosis  and  treatment  of  diseases  [1]. 
This  spur  beam  line  starts  at  the  100-MeV  transition 
region  of  the  accelerator  and  transports  H+  beam  to  a 
target  area  where  samples  may  be  irradiated  and  safely 
handled.  The  new  beam  line  contains  eight  BPMs  used  to 
diagnose  the  beam’s  position  throughout  the  transport  and 
verify  the  beam’s  placement  on  the  target/sample  region 
during  either  a  10-kHz  raster  or  static  operation. 

At  the  end  of  the  800-MeV  LANSCE  accelerator,  a 
switchyard  directs  the  beam  to  either  Line  D  or  to  Line  X 
[2].  Line  D  contains  such  facilities  as  the  Lujan  Neutron 
Scattering  Center  and  Line  X  contains  such  facilities  as 
the  Proton  Radiography  and  Ultra  Cold  Neutron  Projects. 
Prior  to  the  installation  of  the  upgraded  switchyard  kicker 
beam  line,  a  lengthy  process  was  required  to  reconfigure 
the  switchyard  beam  line  in  order  to  transport  the  beam  to 
either  Lines  D  or  X.  With  the  completion  of  the  SYK, 
LANSCE  can  now  simultaneous  provide  H  beams  to  both 
beam  lines  by  rapidly  switching  between  them  using  fast 
kickers  located  in  the  new  SYK.  Three  additional  BPMs, 
located  in  .the  new  SYK,  provide  beam  position 
information  to  the  facility  operators. 

Table  1  summarizes  key  operational  requirements  of 
the  position  measurements  for  IPF  and  SYK  (a  more 
complete  table  is  in  reference  [3]).  While  for  IPF  and 
SYK,  the  beam  species  are  of  opposite  signs,  many 
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measurement  parameters  are  either  the  same  or  very 
similar,  e.g.  bunching  frequency  of  201.25  MHz  and  data 
acquisition  rate  of  <10  Hz.  However,  note  the  IPF  H+ 
beam  does  not  have  any  chopped  structure  in  it,  resulting 
in  lower  IPF  band  widths  requirements  for  measuring 
rastered  beams.  Also  note  the  dynamic  range  of  the  both 
types  of  signals  is  larger  than  the  macropulse  beam 
current  range  would  indicate.  This  range  difference  is  due 
to  the  amount  of  additional  range  required  to  cover  off- 
centered  beam  conditions  at  either  the  highest  or  lowest 
beam  currents.  The  SYK  chopping  structure  for  the 
various  experimental  beam  lines  can  be  quite  complex.  If 
allowed,  these  chopped-beam  structures  could  further 
broaden  the  SYK  BPM  dynamic  range  requirements. 
However,  it  was  decided  that  monitoring  the  position  of 
these  chopped  beams  was  unnecessary  as  long  as  there 
was  a  non-chopped  tuning  beam  available. 


Table  1 :  Overall  position  measurement  requirements. 


Parameter 

IPF 

SYK 

Macropulse  Length  (ms) 

0.05  to  1 

0.15  to  1.2 

Chopped  Beam  Rate  (MHz) 

N/A 

2.8  &  5.6 

Chopped  Beam  DF  (%) 

N/A 

22  to  56 

Macropulse  Pulse  Beam 
Current  (mA) 

16.5  to  0.1 

13  to  0.1 

Base  Bandwidth  (kHz) 

15 

-2500 

Position  Precision/Accuracy 
(%  of  pipe  radius) 

0.3/-3 

0.25/-2 

Beam  Pipe  Radius  (mm) 

50.4, 76.2 

50.4 

Position  Measurement 
Dynamic  Range  (dB) 

63 

70 

BPM  BEAMLINE  COMPONENTS 

A  previous  paper  details  the  BPM’s  mechanical 
construction  and  mapping  of  the  IPF  BPMs,  this  paper 
only  briefly  discusses  the  SYK  BPM’s  characteristics  [3]. 
Fig.  1  and  2  show  a  SYK  BPM  and  its  associated  beam 
line  components  in  picture  and  schematic  form.  The  SYK 
BPMs  were  characterized  to  have  a  0.627  dB  per  mm 
sensitivity  and  typical  offsets  <  +/-  0.1  mm.  The 
sensitivity  is  within  5%  of  the  theoretical  0.661  dB  per 
mm.  Since  the  SYK  and  IPF  BPMs  have  feed-throughs  at 
both  the  downstream  and  upstream  end  of  each  of  the  four 
electrodes,  a  unique  method  of  measurement  operation  is 
performed  to  monitor  the  BPM’s  condition  during  beam 
operation.  As  shown  in  Fig.  2,  there  is  a  completely 
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unambiguous  signal  path  for  power  measurements  to  and 
from  the  processor  module  through  each  BPM  electrode. 


Figure  1.  A  SYK  BPM  (oriented  vertically  in  figure)  is 
shown  with  its  associated  verification  hardware. 


The  20-dB  attenuators  in  each  electrode  signal  path 
provide  both  additional  RF  divider  leg  isolation  and  50-Q 
termination  for  the  BPM  electrode  downstream  ports. 
The  typical  round  trip  attenuation  is  36  dB  +/-  1  dB  and 
with  an  injection  signal  power  of  -25  dBm,  the  resulting 
verification  power  measurements  are  performed  at  -61 
dBm.  Since  the  components  in  this  loop  are  linear,  a 
single  mid-dynamic-range  power  measurement  for  each 
cable/electrode  loop  path  is  sufficient  to  determine  the 
health  of  the  any  of  the  serial  components  within  the  loop. 
If  a  cable  is  inadvertently  crimped  or  a  BPM  electrode  is 
injured  to  the  point  of  losing  its  50-ohm  characteristics, 
the  total  loop  attenuation  will  change.  With  the  help  of  a 
software  process,  this  attenuation  measurement  is 
performed  on  an  hourly  basis  in-between  beam  pulses  so 
that  facility  operators  always  have  a  quantitative  method 
of  detecting  BPM  and  cable  health. 


Figure  2.  This  simple  block  diagram  shows  the 
verification  test  hardware. 

LOG-RATIO  ELECTRONIC  PROCESSOR 

The  log-ratio  electronics  used  in  this  VXI-crate-based 
processor  module  has  a  digital  motherboard  with  on-board 
digital  signal  processor  (DSP)  daughter  cards,  wide- 
bandwidth  analog-front-end  (AFE)  circuitry  that  uses  a 
logarithmic  amplifier  in  each  of  the  four  channels,  and  an 
on-board  201.25-MHz  oscillator  on  a  calibrator  daughter 
card.  Fig.  3  shows  a  simplified  schematic  of  the  AFE  and 
calibrator  daughter  cards.  Since  all  of  the  components  in 
the  calibrator  circuitry  are  solid-state  devices,  the  multi¬ 


step  calibration  process  can  be  accomplished  in  the  8.3  ms 
between  beam  pulses. 


Figure  3.  Simplified  functional  block  diagram  of  the 
AFE  and  calibrator  daughter  cards. 


Fig.  4  shows  the  result  of  the  calibration  circuit 
changes.  The  deterministic  and  systematic  calibrator 
errors  are  subtracted  from  each  of  the  AFE  channels 
during  the  software  calibration  procedure.  The  error  bars, 
typically  <0.1  dB,  represent  the  random  errors  and 
uncertainty  of  the  calibrator  output  signal  power. 


Attenuation  (dB) 


Figure  4.  Displayed  is  a  calibrator  output  signal  power 
and  its  systematic  error  as  a  function  of  dynamic  range. 

The  present  AFE  circuitry  measures  very  low-power 
signals  with  a  wide  bandwidth.  A  Temex  201.25-MHz 
band-pass  filter  was  placed  between  the  input  transformer 
to  the  Analog  Devices  AD8307  log  amplifiers  and  a 
GALI-52  Mini-Circuits  pre-amplifier.  Since  the  201- 
MHz  harmonic-signal  power  was  lower  than  initially 
expected,  the  band-pass  filter  was  placed  to  reduce  the 
broadband  digital  noise  finding  its  way  into  the  log-amp 
input  and  not  to  limit  higher  harmonic  signal  power  to  the 
preamplifier.  These  4.5-MHz-bandwidth  filters  also  have 
short  rise  and  fall  times,  typically  76-  and  132-ns 
respectively,  providing  sufficient  bandwidth  to  measure 
various  chopped-beam  conditions  in  the  SYK  beam  line. 

Fig.  5  shows  the  result  of  two  subtracted  module 
channels,  resulting  in  the  log-ratio  process,  prior  to  a  90- 
dB  software  calibration  using  the  circuitry  shown  in  Fig. 
3.  The  data  labeled  “Pre-Cal  Error”  are  the  residual 
deterministic  errors  from  a  pure  logarithmic  function. 
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These  errors  are  primarily  due  to  the  log-amp’s 
logarithmic  non-conformity  and  minor  thermal  variations 
and  are  subtracted  out  during  the  calibration  routine.  The 
Pre-Cal  errors  are  shown  for  a  centered-beam  and  an  off- 
centered  beam  condition.  The  data  are  plotted  as  a 
function  of  input  signal  power,  in  dBm,  where  a  1  mA 
current  will  occur  at  approximately  -55  dBm.  Also 
plotted  in  Fig.  5  are  the  random  error  data,  the  ultimate 
limitation  to  the  calibration  process  and  measurement 
precision.  Note  that  an  axis  is  calibrated  to  within  a  <0.15 
dB  from  approximately  -12  to  -85  dBm.  In  terms  of 
positional  error  and  beam  current  applied  to  the  50-mm 
IPF  and  SYK  BPMs,  this  is  equivalent  to  a  <0.25-mm-rms 
error  over  a  ~20  to  0.1  mA  current  range. 

Centered  Beam  Current  (mA) 


BPM  Electrode  Signal  Power  (dBm) 


Figure  5.  This  graph  shows  the  systematic  errors  prior 
to  and  the  random  errors  after  a  software  calibration. 


POSITION  MEASUREMENT  SOFTWARE 

The  calibration  procedure  is  controlled  with  a  personal 
computer  input/output  controller  (PCIOC).  This 
procedure  uses  the  same  calibrator  daughter-card  signal- 
source  shown  in  Fig.  3  that  the  verification  measurement 
uses  but  in  this  case,  digital-controlled  step  attenuators  are 
used  to  step  through  a  90-dB  range.  This  procedure  was 
first  described  in  a  previous  paper  [5]. 

A  National  Instruments  LabVIEW  virtual  instrument 
(VI)  software  process  continuously  runs  on  the  PCIOC 
that  performs  the  calibration  and  verification  procedures, 
repeating  on  an  approximate  hourly  basis.  Upon 
receiving  a  timing  signal  through  each  VXI  processor 
module,  the  VI  acquires  the  digital  information  from  the 
four  channels’  analog-to-digital  converters  (ADC)  via  the 
digital  signal  processor  (DSP)  daughter  cards  after  it  has 
“armed”  the  DSPs  to  perform  the  acquisition  [5].  These 
data  are  then  calibrated  by  addressing  a  specific  memory 
location  in  a  4096  location  RAM  look-up  table 
(RAMLUT)  that  contains  the  correct  calibrated  data  (in 
counts)  on  the  digital  signal  processor  (DSP)  daughter 
cards.  These  RAMLUTs  remove  the  systematic  “Pre-Cal 
Errors”  for  each  of  the  four-processor  channels.  After  the 
calibration  has  been  completed  on  all  four  processor 
channels,  opposite-electrode  calibrated-signal  powers  are 
then  digitally-subtracted  to  produce  a  calibrated  log-ratio 
signal  for  a  single  axis.  Since  both  IPF  and  SYK  are 
pulsed  beam  facilities,  a  separate  timing  signal  between 
beam  pulses  initiates  the  calibration  and  verification  sub- 


VI.  This  calibration  process  loads  a  RAMLUT  while 
another  previously  loaded  RAMLUT  is  used  to  provide 
calibrated  position  information.  After  the  calibration 
RAMLUTs  have  been  filled,  loaded,  and  applied  to 
incoming  data,  another  sub- VI  switches  the  appropriate 
GaAs  RF  switches  in  the  AFE  and  Calibrator  daughter 
cards  so  that  the  verification  procedure  checks  the  health 
of  the  cables  and  BPM  electrodes  as  described  earlier. 

Finally,  the  VI  serves  the  data  via  a  portable  channel 
access  sub- VI  written  to  interface  with  the  accelerator 
control  system,  EPICS  (Experimental  &  Physics 
Industrial  Control  System)  [6].  The  VI,  first  implemented 
for  the  low  energy  demonstration  accelerator  at  Los 
Alamos,  also  allows  the  facility  operators  to  initiate  an 
“on-demand”  calibration  procedure  and  verification  test, 
however,  for  the  “on-demand”  verification  test  to  be 
accurate,  the  beam  through  the  BPM  is  turned  off. 

SUMMARY 

This  paper  describes  a  beam  position  instrumentation 
presently  installed  in  the  LANSCE  IPF  and  SYK  beam 
lines.  The  measurement  system  uses  50-  and  75-mm 
radius  micro-stripline  BPMs,  an  unambiguous  verification 
process  that  monitors  the  measurement  system’s  beam- 
line-hardware  health,  and  an  automatic  calibration  process 
that  removes  deterministic  and  thermal  errors  on  a 
periodic  basis  without  operator  intervention.  It  has  a 
dynamic  range  of  >  73  dB  as  defined  by  errors  that  are 
<0.15  dB  (or  <0.25  mm).  Even  with  this  wide  dynamic 
range,  the  instrumentation  bandwidth  has  been  measured 
to  be  >  2.5  MHz. 
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Abstract 

A  diagnostic  is  being  developed  at  the  Los  Alamos 
Neutron  Science  Center  (LANSCE)  for  the  purpose  of 
identifying  low  momentum  beam  tails  in  the  linear 
accelerator.  These  tails  must  be  eliminated  in  order  to 
maintain  the  transverse  and  longitudinal  beam  size. 
Instead  of  the  currently  used  phosphor  camera  system, 
this  instrument  consists  of  a  Multi  Wire  Proportional 
Chamber  (MWPC)  front  end  coupled  to  an  EPICS 
compliant  VME-based  electronics  package.  Low 
momentum  tails  are  detected  with  a  resolution  of  5  mm  in 
the  MWPC  at  a  high  dispersion  point  near  a  bending 
magnet.  While  phosphor  is  typically  not  sensitive  in  the 
nano  amp  range,  the  MWPC  is  sensitive  down  to  about  a 
pico  amp.  The  electronics  package  will  process  the  signals 
from  each  of  the  MWPC  wires  to  generate  an  array  of 
beam  currents  at  each  of  the  lower  energies.  The 
electronics  will  have  a  wideband  analog  front  end,  active 
anti  alias  filter,  and  high-speed  analog  to  digital  converter 
for  each  wire.  Data  from  multiple  wires  will  be  processed 
with  an  embedded  digital  signal  processor  and  results 
placed  in  a  set  of  VME  registers.  An  EPICS  application 
will  assemble  the  data  from  these  VME  registers  into  a 
display  of  beam  current  vs.  beam  energy  (momentum)  in 
the  LANSCE  control  room.  This  display  will  update  at 
least  once  per  second,  but  will  be  a  representation  of  the 
real  time  signal  processing  results  from  the  electronics 
package. 

INTRODUCTION 

Beam  from  the  linear  accelerator  is  transported  to 

800  MeV 


Figure  1:  Position  of  detector  with  respect  to  bending 
magnet. 

several  different  experimental  areas  by  a  set  of  bending 
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magnets  in  the  LANSCE  switchyard. 

Optimally,  beam  entering  the  switchyard  should  be  at 
800  MeV  when  the  accelerator  is  properly  tuned.  Before 
accelerator  tuning  is  complete,  there  are  often  unwanted 
beam  components  at  energies  below  800  MeV  that  need 
to  be  removed.  These  low  energy  components  are  bent  in 
a  radius  that  is  too  tight  to  allow  them  to  continue  to  the 
experimental  areas  and  fall  out  and  hit  a  beam  stop.  The 
lower  the  energy,  the  tighter  the  bending  radius  is.  The 
low  momentum  detector  is  placed  between  a  bending 
magnet  and  a  beam  stop  so  it  can  measure  the  magnitude 
spectrum  of  beam  currents  over  a  range  of  unwanted  low 
energies. 

IONIZATION  CHAMBER 

The  chamber  is  constructed  using  V*'  G-10  fiberglass 
for  its  frames.  It  has  an  active  area  of  300  sq.  cm.  (50  cm 
x  6  cm).  There  is  one  frame  with  wires  (64  gold  plated 
tungsten  of  diameter  20  micron)  stretched  at  5  mm 
spacing  and  two  frames  with  1  mil  aluminum  foil  on 
either  side  of  the  signal  frame  for  high  voltage.  The  whole 
assembly  is  enclosed  in  an  aluminum  box  with  1  mil 
aluminum  windows  covering  the  active  area  of  the 
detector.  The  gas  is  a  mixture  of  argon-methane  (90-10). 
The  signal  wires  (twisted  pair)  are  connected  to  a  vacuum 
tight  connector  attached  to  the  box.  The  signals  from  each 
wire  indicate  a  particular  energy  beam  tail  that  has  to  be 
minimized  to  achieve  an  optimum  tune  for  the  accelerator. 
The  signals  from  the  wires  are  fast  enough  to  identify  the 
loss  across  the  macro-pulse  of  the  beam. 

SIGNAL 

Data  is  taken  from  each  detector  wire  to  construct  a 
spectrum  of  beam  currents  over  a  range  of  beam  energies 
from  350  MeV  to  750  MeV.  Each  wire  corresponds  to  a 
particular  unwanted  energy  component.  The  wire’s 
relationship  to  that  energy  depends  on  its  position  in  the 
detector.  A  sketch  of  the  detector  appears  in  figure  2  [1]. 

When  protons  are  incident  on  one  of  these  wires,  a 
current  is  produced  according  to  equation  1 . 
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Where  I  is  the  current  produced  in  amperes  and  N  is  the 
number  of  protons  per  second  that  are  associated  with  the 
wire.  AE  is  the  energy  lost  in  the  detector  and  has  been 
calculated  to  be  15  eV  through  a  LANDAU  simulation 
[2].  Ip  is  12  eV,  the  ionization  potential  of  argon  and  1.6  x 
10~19  is  the  charge  of  a  proton.  When  106  protons  are 
incident  on  a  wire,  a  current  of  0.2  pA  is  produced  which 
is  amplified  due  to  the  effect  of  the  ionization  chamber  by 
109  [3].  The  result  is  a  current  of  about  0.2  mA,  which  is 
readily  measurable. 

Figure  3  shows  part  of  a  typical  signal  produced  in  one 
of  these  wires  when  terminated  into  50Q.  The  electronics 
package  must  integrate  this  signal  over  time  so  that  the 
beam  current  incident  on  the  wire  can  be  computed. 

5 
0 
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Figure  3:  First  8  ps  of  raw  signal  from  a  single  detector 
wire. 

This  signal  is  typically  625  ps  long,  corresponding  to 
the  length  of  the  LANSCE  beam  gate.  However,  gates  as 
long  as  1  ms  must  be  supported.  Beam  gates  occur  at  a 
maximum  rate  of  120  Hz  at  LANSCE,  which  means  that 
the  electronics  package  has  (l/120Hz  -  1  ms)  =  7.3  ms  to 
recover  from  a  beam  gate. 

BANDWIDTH 

In  figure  4,  a  frequency  analysis  of  the  raw  signal 
reveals  three  prominent  peaks  at  559  KHz,  1.1  MHz,  and 
1.47  MHz. 

The  electronics  must  then  be  sufficiently  fast  to  capture 
this  information.  The  analog  front  end  has  a  bandwidth 
that  has  been  limited  to  10  MHz  using  a  2-pole  anti¬ 
aliasing  filter.  The  output  of  that  filter  is  sampled  at  50 
MHz. 

Another  bandwidth  consideration  is  that  of  the  EPICS 
control  system  in  which  this  instrument  will  be  used. 
Operators  in  the  LANSCE  control  room  will  see  their 
EPICS-based  displays  update  at  frequencies  between  1 
and  10  Hz.  This  instrument  must  bridge  the  bandwidth 
gap  between  the  50  MHz  data  collection  and  the  relatively 
slow  update  rate  of  the  control  room  displays  without 
losing  data.  It  must  also  do  this  in  real  time,  meaning  the 
displays  in  the  control  room  must  look  “alive”  all  the  time 


so  that  control  room  operators  are  comfortable  using  the 
instrument  [4], 


1.0E+05  1.0E+06  1.0E+07  1.0E+08  1.0E+09 
Frequency  [Hz] 

Figure  4.  Frequency  components  of  input  signal. 

ARCHITECTURE 

Data  that  is  sampled  at  50  MHz  at  the  front  end  of  the 
instrument  is  processed  in  two  stages  so  that  a  useful,  low 
bandwidth  result  can  be  presented  to  the  EPICS  control 
system.  At  each  stage  the  signal  is  processed  in  a  way  that 
reduces  its  bandwidth  without  discarding  information 
about  the  signal. 

Each  wire  in  the  detector  has  a  dedicated  section  of 
electronics  called  the  “front-end”  associated  with  it.  In  the 
front-end,  data  is  processed  by  analog  and  digital 
hardware  to  compute  an  integral  at  the  full  sample  rate  of 
50  MHz.  However,  the  signal  that  is  being  operated  on 
lasts  for  less  than  1  ms  and  has  a  repetition  rate  of  120  Hz. 
This  means  that  processed  results  can  flow  out  of  the  front 
end  at  120  Hz,  which  is  at  a  much  slower  rate  than  the  50 
MHz  input  data. 


The  120  Hz  signal  is  processed  further  in  a  DSP  before 
it  is  presented  to  EPICS.  When  the  signal  is  processed  in 
the  first  stage,  a  result  in  Volt-second  units  is  computed. 
That  result  has  to  be  converted  into  charge  in  Coulombs 
and  then  averaged  over  time  for  a  beam  current  result  in 
Amperes.  The  averaging  operation  reduces  the  bandwidth 
of  the  signal  to  less  than  1  Hz.  EPICS  can  then  properly 
handle  this  in  real-time.  A  block  diagram  showing  the 
data  flow  through  the  two  bandwidth-limiting  stages 
appears  in  figure  5. 

ELECTRONICS 

The  electronics  package  consists  of  a  6U  VME  board 
coupled  with  mixed  signal  front-end  boards  suited  to  the 
low  momentum  detector  application.  The  front-end 
electronics  is  the  mixed  signal  front-end  card  and  its 
associated  dedicated  hardware.  There  are  eight  front-ends 
on  each  6U  VME  card.  Since  this  instrument  needs  to 
support  64  wires  with  64  front-ends,  eight  VME  cards  are 
required. 
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Each  board  has  an  embedded  floating-point  digital 
signal  processor  (DSP)  and  a  VME  interface,  which  is 
implemented  in  a  field  programmable  gate  array  (FPGA). 
This  FPGA  contains  only  the  VME  interface,  but  since 
just  a  fraction  of  its  resources  are  utilized,  it  could  be 
configured  as  a  hardware  coprocessor  to  the  DSP  for 
applications  with  another  type  of  instrument.  The  eight 
front-ends,  the  DSP,  and  the  VME  interface  are  connected 
to  each  other  with  board  wide  data,  address,  and  control 
buses.  A  block  diagram  of  the  VME  board  architecture  is 
shown  in  figure  6. 


Figure  6.  VME  board  architecture  block  diagram. 

Front  End  Card 

A  block  diagram  depicting  the  relationship  between  the 
front-end  card  and  the  VME  board  is  shown  in  figure  7. 
The  signal  from  each  wire  is  processed  first  by  the  section 
labeled  “analog  FE”.  This  is  the  analog  front  end, 
consisting  of  a  two-stage  amplifier  and  a  low  pass  anti¬ 
alias  filter.  The  front-end  card  has  on  board  a  10-bit 
analog  to  digital  converter  (ADC)  that  is  configured  to 
sample  at  50  MHz,  but  can  run  at  speeds  up  to  200  MHz 
for  other  applications  [5]. 

VME  Board 

The  digital  hardware  for  the  front  end  is  implemented 
on  the  VME  board.  The  underlying  VME  board  accepts 
eight  front-end  cards  and  provides  processing  support 
using  dedicated  FPGAs  and  one  board  wide  DSP.  This 
board  also  has  first-in-first-out  (FIFO)  memories  to  buffer 
high-speed  data  so  that  the  raw  waveform  can  be 
transferred  from  this  instrument  to  a  display  in  the  control 
room  if  required. 


Although  the  FPGA  dedicated  to  each  front-end  is 
currently  configured  to  be  a  fixed-point  integrator,  it  may 
be  configured  differently  for  other  applications.  The 
digital  integrator  processes  data  from  the  ADC  in  real 
time.  The  integrator  can  handle  signals  up  to  0.8  pV- 
seconds  while  the  measured  worst  case  integral  from  a 
real  signal  is  about  0.3  pV-seconds. 

OPERATOR  INTERFACE 

Result  data  from  this  instrument  will  be  in  the  form  of  a 
magnitude  spectrum  graph  of  beam  current  vs.  beam 
momentum.  The  graph  will  show  how  many  protons  / 
second  are  incident  on  each  of  the  detector  wires.  The 
graph  will  update  at  up  to  10  Hz,  for  a  “live”  look.  Data 
transfer  from  the  VME  card  to  the  operator’s  computer 
screen  will  be  fast  because  only  64  processed  results  need 
to  be  sent,  but  not  any  raw  data. 


Processor  I 
Bus  | 


Figure  7.  Block  diagram  of  front-end  electronics. 
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Abstract 

A  custom  VME  board  is  being  designed  at  the  Los 
Alamos  Neutron  Science  Center  (LANSCE)  for  high¬ 
speed  signal  acquisition  and  processing.  While  it  is 
desirable  to  design  around  the  EPICS  /  VME  platform,  it 
can  be  difficult  to  process  high-speed  signals  with  long 
record  lengths.  The  relatively  slow  data  path  between  the 
IOC  and  the  general-purpose  computer  makes  real  time 
computations  impossible.  Commercial  VME  processor 
boards  can  be  used,  but  the  data  must  still  flow  over  the 
VME  backplane  in  lieu  of  other  traffic.  This  custom  board 
is  designed  to  overcome  this  problem  by  acquiring  and 
processing  the  signal  in  one  place,  with  the  processed 
result  presented  at  the  VME  interface  instead  of  the  raw 
data.  The  board  consists  of  multiple  front-end  signal 
conditioners  /  digitizer  cards  plugged  into  the  foundation 
6U  VME  board  with  an  embedded  digital  signal  processor 
(DSP).  The  DSP  is  programmed  in  C  to  process  the  raw 
signal  any  way  the  user  wants  before  writing  results  into  a 
VME  register  map.  The  present  front-end  conditioner  / 
digitizer  cards  are  being  designed  with  the  LANSCE  low 
momentum  detector  in  mind,  but  other  variations  on  this 
card  could  be  developed.  The  architecture  is  flexible 
enough  to  deploy  in  many  accelerator  applications. 

INTRODUCTION 

Powerful,  low  cost  digital  signal  processors  (DSPs)  and 
field  programmable  gate  arrays  (FPGAs)  have  made  it 
feasible  to  design  a  single  hardware  platform  from  which 
many  accelerator  instruments  may  be  launched.  Since 
these  devices  are  reconfigurable  /  reprogrammable,  the 
same  circuit  board  that  is  used  with  a  low  momentum 
detector  [1]  today  can  be  redeployed  as  part  of  another 
diagnostic  in  the  future. 

It  has  been  recognized  that  the  application  of  a  single 
VME  board  to  various  accelerator  applications  might 
require  conflicting  analog  front-end  specifications.  To 
solve  this  problem,  the  board  has  been  designed  to  accept 
up  to  eight  analog  and  mixed  signal  front-end  plug  in 
cards.  These  cards  have  analog  amplifiers,  filters,  analog 
to  digital  converters  (ADCs),  and  perhaps  other 
unanticipated  circuitry  for  future  instrument  applications. 

ARCHITECTURE 

The  platform  was  designed  to  work  with  the  EPICS 
control  system  as  it  exists  at  LANSCE  [2].  In  this  case, 
the  LANSCE  control  room  operators  and  scientists  are 
faced  with  controlling  the  accelerator  through  EPICS 
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displays  that  update  at  a  1  Hz  to  10  Hz  sample  rate.  At  the 
same  time  an  effective  DSP-based  accelerator  instrument 
must  sample  information  at  rates  in  the  tens  of  MHz.  This 
bandwidth  gap  is  compensated  for  with  processing 
capability  on  the  VME  board  so  that  high-speed  data  from 
an  instrument  can  be  reduced  in  hardware  and  presented 
to  EPICS  as  a  low  bandwidth  result.  This  allows  an 
instrument  to  have  a  real-time  control  room  display  that 
looks  “alive”. 

Otherwise,  digitized  data  would  have  to  be  transferred 
from  front-end  digitizers  to  a  commercial  processor  in  the 
VME  crate  or  over  the  network  to  a  general-purpose 
computer  in  the  control  room.  Neither  of  these  options  is 
desirable  because  these  techniques  require  processing  of 
data  offline  in  batches  and  would  not  result  in  real-time 
update  of  displays. 

VME  Board 

The  VME  board  is  a  6U  size  module  that  accepts  up  to 
eight  custom  analog  /  mixed  signal  front-end  cards.  A 
dedicated  ALTERA  20K100E  FPGA  and  a  64Kxl8  FIFO 
support  individual  front-end  cards.  These  blocks  of  front- 
end  hardware  are  linked  by  a  common  bus  to  an  Analog 
Devices  ADSP-21161N  floating  point  DSP.  Another 
FPGA  that  contains  a  VME  interface  links  this  board  wide 
bus  to  the  VME  bus.  A  25  MHz  clock  is  distributed 
board-wide  and  then  multiplied  by  phase  locked  loops  in 
the  DSP  and  FPGAs.  An  architectural  block  diagram 
appears  in  figure  1. 


Figure  1:  VME  board  architecture. 
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There  are  28  bits  of  configurable  I/O  between  the  front- 
end  card  and  the  FPGA.  The  FPGA  can  boost  the  board 
wide  clock  up  to  200  MHz  for  use  within  the  FPGA  and 
front-end  card  electronics.  There  is  a  clock  output  from 
the  FPGA  to  the  front-end  card  for  use  as  an  encode 
signal  for  an  ADC  and  other  digital  hardware. 

The  embedded  DSP  operates  at  a  core  frequency  of  100 
MHz.  The  processor  can  execute  between  1  and  4 
floating-point  instructions  in  a  single  10  ns  cycle. 

The  VME  interface  is  implemented  in  an  Altera 
20K30E  FPGA.  This  FPGA  is  less  than  10%  utilized  with 
the  VME  interface  hardware  and  may  be  used  as  a 
reconfigurable  hardware  coprocessor  for  the  DSP. 

Not  shown  in  figure  1  is  a  board  wide  hardware  trigger 
from  the  front  panel. 


Front-End  Cards 


Two  types  of  front-end  cards  have  been  designed.  The 
fast  front-end  card  is  capable  of  digitizing  at  rates 
between  50  MHz  and  200  MHz  using  a  10-bit  Analog 
Devices  AD9410  ADC.  A  two-stage  amplifier  and  2  pole 
anti  alias  filter  condition  the  signal  before  it  is  digitized. 
The  analog  section  of  the  card  has  shown  a  fairly  flat 
response  up  to  40  MHz  on  the  test  bench  with  its  over  all 
gain  set  to  20.  The  card  accepts  a  clock  from  the  VME 
board  to  set  its  digitization  rate.  In  order  to  achieve  this 
speed,  it  needs  two  digital  output  buses,  each  running  at 
half  the  full  sample  rate.  The  user  has  the  freedom  to 
adjust  the  amplifier  gain,  filter  cutoff  frequency,  and  ADC 
conversion  rate  to  suit  a  particular  application. 


1  -  2  ,  3 
Time  [us] 


Figure  2:  Digitized  (measured)  test  waveform. 


The  fast  front-end  card  has  been  prototyped  in  the  lab 
and  tested  end-to-end  using  a  waveform  generator  to 
supply  an  input  signal  and  a  logic  analyzer  to  acquire  the 
digital  data  at  the  back  end.  The  measured  data  captured 
with  a  logic  analyzer  is  shown  in  figure  2.  Here  the  card 
was  configured  with  a  gain  of  40  and  a  10  MHz  filter 
cutoff  frequency.  The  ADC  was  clocked  at  50  MHz  and  a 
10  mV,  500  KHz  input  signal  was  applied.  The  figure 
shows  a  clearly  reconstructed  digital  version  of  the  input 
signal.  Noise  is  less  than  1  mV. 

A  second  medium  speed  front-end  card  can  digitize  at 
speeds  up  to  10  MHz  with  14  bits  and  has  a 
programmable  amplifier  that  conditions  the  signal  before 
it  reaches  the  ADC.  The  gain  can  be  set  with  the 
programmable  I/O  between  the  VME  board  and  this  front- 
end  card. 


APPLICATIONS 

The  linear  accelerator  at  LANSCE  supports  several 
experimental  areas  at  the  same  time.  It  does  this  by 
multiplexing  beam  pulses  intended  for  different 
destinations.  Diagnostic  instruments  are  often  required  to 
de-multiplex  beam  data  depending  on  the  destination  for 
each  beam  pulse.  The  beam  pulse  destination  is  locally 
referred  to  as  its  flavor  [3] .  This  board  supports  timed  and 
flavored  data  with  board  wide  hardware  and  software 
triggers  from  the  LANSCE  master  timing  system. 

Low  Momentum  Detector 

The  platform  is  first  being  applied  to  the  LANSCE  Low 
Momentum  Detector.  This  is  a  diagnostic  used  during 
tuning  to  identify  low  momentum  tails  in  the  linear 
accelerator.  This  is  done  by  examining  the  output  of  a 
multi-wire  proportional  chamber  placed  at  a  high 
dispersion  point  near  a  bending  magnet.  Fast  pulses  are 
produced  on  each  of  these  wires  when  beam  is  incident  on 
them.  These  pulses  have  to  be  processed  into  a  spectrum 
of  beam  current  vs.  momentum  for  display  in  the 
LANSCE  control  room. 

When  integrated,  the  pulses  are  proportional  to  the 
number  of  protons  incident  on  each  wire.  Integrals  then 
must  be  averaged  over  time  to  convert  results  in  Coulomb 
units  into  beam  current  in  Amperes. 

Scientists  in  the  control  room  will  want  to  see  an  EPICS 
display  with  a  real-time  spectrum  of  beam  current  vs. 
beam  momentum  as  they  tune  the  accelerator.  They  will 
use  this  “live”  picture  as  feedback  when  they  manually 
adjust  accelerator  controls  in  an  attempt  to  remove 
unwanted  beam  components.  Occasionally  they  may  want 
to  see  the  beam  structure  by  viewing  a  waveform  record 
containing  the  raw  digitized  data. 

This  VME  board  is  applied  to  the  low  momentum 
detector  problem  by  assigning  a  fast  front-end  card  to 
each  of  the  wires  in  the  detector  so  that  pulses  can  be 
digitized  at  50  MHz.  The  digital  data  is  integrated  at  the 
full  sample  rate  in  the  dedicated  FPGA  and  then  averaged 
in  the  DSP  to  compute  the  measured  beam  current  in  each 
wire  of  the  detector.  The  FIFO  memory  retains  the  last 
64K  samples  that  have  been  digitized.  Normal  processing 
may  be  suspended  to  transfer  the  FIFO  contents  to  an 
EPICS  display.  An  architectural  block  diagram  showing 
this  specific  configuration  appears  in  figure  3. 

The  FPGA  associated  with  each  front-end  card  is 
configured  with  two  digital  integrators,  one  for  each 
output  bus  of  the  AD9410  ADC.  Analysis  with  Matlab  / 
SIMULINK  using  real  input  data  has  shown  that  a  20-bit 
result  bus  is  sufficiently  wide  for  this  application. 

When  operated  at  capacity,  the  LANSCE  accelerator 
has  a  120  Hz  beam  pulse  repetition  rate.  This  means  that 
results  may  be  transferred  out  of  the  digital  integrators  at 
this  rate,  effectively  reducing  the  bandwidth  of  the  data 
stream  from  50  MHz  to  120  Hz  without  discarding  any 
information. 

120  Hz,  however,  is  still  out  of  band  for  EPICS  and  the 
data  must  be  averaged  over  time  anyway  to  convert  from 
Coulombs  to  Amperes.  The  DSP  collects  these  results  at 
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Figure  3:  Application  specific  configuration  of  the  FPGA  with  the  fast  front-end  card. 


120  Hz,  computes  averages  for  each  wire,  and  low  pass 
filters  the  result  to  further  reduce  the  bandwidth  to  less 
than  the  EPICS  update  rate. 

Control  room  operators  will  also  need  to  see  current 
spikes  on  their  displays  that  may  occur  with  durations  too 
short  to  be  observed  with  even  the  fastest  EPICS  update 
rate.  The  DSP  will  be  programmed  to  detect  these  spikes 
in  real-time  and  hold  them  long  enough  to  be  effectively 
reported  through  EPICS. 

In  figure  3,  a  data  handler  is  shown  designed  into  the 
FPGA.  This  is  an  interface  between  the  front-end 
electronics  and  the  DSP.  It  orchestrates  the  flow  of  data 
between  the  ADC,  FIFO,  integrators,  and  the  DSP  bus. 

HARP 

A  new  Isotope  Production  Facility  (IPF)  is  being 
commissioned  at  LANSCE.  The  transport  line  to  the  IPF 
will  require  beam  position  diagnostics.  A  HARP  is  a 
diagnostic  used  to  determine  the  beam  centroid  that  uses 
horizontal  and  vertical  wires  in  the  beam. 

For  the  HARP,  configuration  and  programming  of  this 
VME  board  will  be  similar  to  the  low  momentum  detector 
application.  In  this  case,  the  DSP  may  also  be 
programmed  to  partially  compute  the  beam  centroid 
before  with  the  final  result  is  computed  by  software 
running  in  the  IOC. 

Beam  Loss  Monitoring 

Beam  loss  monitoring  generally  involves  threshold 
discrimination  and  then  counting  pulses  [4].  Count  totals 
are  averaged  over  time  to  produce  a  beam  loss  rate  at 
various  locations  in  the  accelerator.  One  of  the  front-end 
cards  that  have  already  been  designed  may  be 
immediately  applied  to  threshold  detection.  Counting  can 
be  done  on  the  associated  FPGA.  In  this  case  the 
threshold  could  be  adjusted  automatically  under  the 
control  of  the  DSP.  Additionally,  a  new  front-end  card 
could  be  developed  to  convert  the  raw  analog  pulses 
directly  into  the  digital  domain  without  an  ADC. 

Beam  Position  Monitoring 

The  floating  point  DSP  used  on  this  board  lends  itself  to 
the  A  /  S  type  computation  common  in  beam  position 
monitoring  (BPM)  applications.  Depending  on  the  nature 


of  the  BPM,  one  of  the  existing  front-end  cards  could  be 

used,  or  an  RF  front-end  card  could  be  developed  [5]. 
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Abstract 

The  spatial  beam  density  distribution  beyond  2.5  to  3 
standard  deviations  of  the  beam  center  is  an  important 
property  for  undertanding  the  relatively  small  fractional 
losses  of  high  intensity  beams  at  the  Los  Alamos  Proton 
Storage  Ring  (PSR)  and  transport  lines  to  the  neutron 
production  target  This  part  of  the  distribution 
(sometimes  referred  to  as  beam  halo)  is  not  well 
determined  by  the  LANSCE-standard  wire  scanner 
system  nor  is  it  yet  reliably  predicted  by  the  simulation 
codes.  To  significantly  improve  the  experimental 
determination  of  the  beam  halo,  an  improved  wire  scanner 
has  been  developed,  tested  and  installed  in  the  extraction 
line.  To  enhance  the  signal-to-noise  ratio,  an  amplifier 
consisting  of  a  wide  dynamic-range,  integrating  amplifier, 
sample-and-hold  circuit,  log  amplifier  and  line  driver  is 
located  near  the  beam  line  [1].  Offset  errors  at  the  input  of 
the  amplifiers  are  actively  cancelled  and  timing  gates  are 
derived  from  a  single  input  pulse.  We  will  describe  the 
prototype  instrument,  discuss  our  encouraging  test  results 
and  report  our  experience  with  the  instrument  in  the  PSR 
extraction  line. 

INTRODUCTION 

Efforts  are  underway  to  increase  the  extracted  beam  from 
the  Los  Alamos  Proton  Storage  Ring  (PSR)  from  the 
present  5  to  6  pC/pulse  (100  to  120  jiA)  beam.  However, 
losses  in  the  extraction  line  increase  non-linearly  with 
increasing  beam  currents,  and  at  -8  to  10  pC/pulse, 
appear  to  be  the  limiting  factor.  To  study  the  beam  loss 
mechanisms,  it  is  important  to  be  certain  of  beam  location 
and  size  in  the  extraction  beam  line.  Data  from  the 
LANSCE-standard  wire  scanner  (WS)  measurements 
show  that  the  core  of  the  beam  fits  nicely  inside  the  5- 
inch-diameter  pipe  at  the  test  location,  but  the  present 
wire  scanner  system  provides  little  data  on  possible  beam 
“halos”.  The  standard  wire  scanner  amplifier  is  located  in 
instrumentation  racks  more  than  a  hundred  feet  from  the 
beam  line.  The  overall  profile  resolution  of  this  wire 
scanner  measurement  is  limited  to  three  orders  of 
magnitude.  The  new  amplifier  design  has  extended  profile 
feature-resolution  across  six  orders  of  magnitude. 

DESIGN  CONSIDERATIONS 

The  extracted  beam  from  the  PSR  is  a  triangle-shaped, 
-270  nsec  pulse  with  a  dynamic  range  of  nanocoulombs 

*Work  conducted  at  the  Los  Alamos  National  Laboratory,  which  is 
operated  by  the  University  of  California  for  the  United  Stated 
Department  of  Energy  under  contract  W-7405 -ENG-36. 
#tzaugg@lanl.gov 


to  10  pC  charge  per  pulse  at  up  to  20  Hz  pulse  rate.  The 
4-mil,  biased,  silicon-carbide  wire  has  a  secondary 
emission  coefficient  of  approximately  2%.  Peak 
secondary  emission  currents  from  the  wire  range  from  a 
few  micro  amps  to  10  milliamps  corresponding  to  a  peak 
(integrated)  charge  on  the  wire  of  a  fraction  of  1  pC  to  2 
nC.  The  environment  in  PSR  is  such  that  a  terminated 
cable  located  at  a  normal  diagnostics  station  shows 
approximately  1  mV^  noise. 

The  wide  dynamic  range  of  the  WS  signal  coupled  with 
the  inherent  noise  environment  of  PSR  suggests  that  some 
part  of  the  necessary  signal  processing  should  be 
accomplished  near  the  scanner.  We  have  chosen  to 
measure  the  average  beam  profile  by  integrating  the  WS 
signal.  The  effective  capacitance  of  the  measurement 
includes  wire  capacitance  of  -150  pF  and  other 
miscellaneous  capacitance  for  a  total  of  220  pF.  Locating 
the  integrator  near  the  beam  line  has  the  added  advantage, 
in  addition  to  the  minimization  of  the  effect  of  the 
previously  noted  cable  pickup  noise,  of  increasing  the  S/N 
ratio  as  compared  to  long  cable  runs.  The  improved  S/N 
characteristics  acquired  as  a  result  of  amplifier  location 
are  purchased  at  the  expense  of  increased  exposure  of  the 
electronics  to  radiation  fields.  The  use  of  linear 
amplification  to  achieve  five  orders  of  magnitude  in 
signal  resolution  translates  to  a  tenth  of  a  millivolt  in  ten 
volts  and  implies  use  of  a  16-bit  D/A  converter.  Both  of 
these  implications  are  challenging  to  implement, 
particularly  given  the  above-noted  PSR  noise 
environment.  As  an  alternative  solution,  we  have  chosen 
to  process  the  integrated  signal  using  a  transimpedance 
logarithmic  converter.  The  log  amplifier  allows  the  use  of 
standard  12-bit  A/D  converters  for  signal  processing  with 
a  single  bit  corresponding  to  2.5  mV  of  signal.  For 
simplicity,  the  integrator,  the  S/H  and  the  log  amplifier 
are  also  located  near  the  near  the  beam  line  on  a  single 
printed  circuit  board.  Three  gain  selections  are  available, 
implemented  by  the  discrete  selection  of  the  integrating 
capacitance  with  a  gain  of  1  defined,  in  this  report,  as  the 
selection  of  the  largest  integrating  capacitance.  Noise 
suppression  is  enhanced  in  the  measurement  by 
minimizing  the  integration  time,  limiting  circuit 
bandwidth,  background  subtraction,  and  auto  zeroing 
techniques.  A  description  of  the  amplifier  will  follow  the 
presentation  of  measurements. 

BEAM  MEASUREMENTS 

The  capability  of  the  WS  and  amplifier  response  was 
tested  over  a  range  of  extracted  currents.  Figure  1  shows 
the  profiles  of  two  scans  of  a  3.6-pC  beam  with  amplifier 
gains  of  1  and  10  using  the  new  wire  scanner  amplifier. 
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(For  consistency  in  this  report,  data  with  a  gain  of  1,  10 
and  100  are  shown  respectively  in  red,  blue  and  green.) 
The  semi-log  plot  shows  log-amplifier  input  current  as  a 
function  of  scanner  position  in  mm.  A  scan  consists  of 
seventy-five  samples  taken  across  the  beam  line  with  each 
sample  an  average  of  four  beam  pulses.  The  baseline 
noise  scans  (no  extracted  beam)  for  these  two  gain 
settings  are  also  shown  in  the  figure.  Amplifier  saturation 
is  evident  in  the  figure  for  the  gain  at  10.  The  choice  of 
gains -for  the  two  scans  was  deliberately  chosen  to 
demonstrate  the  maximum  output  of  the  amplifier  and 
also  to  allow  comparison  of  the  linearity  of  the  amplifier 
over  the  same  range  of  currents  for  two  gains  settings. 
The  log  amplifier  has  an  internal  intercept  current  of  100 
pA,  but  a  1  nA  offset  current  has  been  generated  in  the 


Figure  1:  Profiles  of  a  3.6  pC  beam  taken  with  gains  of  1 
(red  trace)  and  10  (blue  trace)  are  shown  in  the  chart. 
Baseline  scans  without  extracted  beam  were  also  taken  at 
these  gains  to  demonstrate  amplifier  noise  characteristics. 

A  “halo”  is  apparent  on  the  beam  more  than  three 
orders  of  magnitude  below  the  peak.  The  nature  of  this 
“halo”  has  not  yet  been  determined.  The  wire  is  biased  at 
-500  V  for  all  of  the  reported  data.  Future  efforts  to 
increase  the  bias  to  greater  than  -5  kV  will  be  made  to 
explore  the  nature  of  this  “halo.” 

It  is  apparent  that  the  combined  core  of  the  beam  and  its 
“halo”  do  not  represent  a  Gaussian  distribution. 
Nonetheless,  a  Gaussian  fit  of  the  gain=l  data  can  be 
made  and  is  shown  as  the  solid  blue  line  in  Figure  2.  The 
variance  of  the  function  is  49.26.  The  red  crosses  in  the 
figure  mark  the  measured  data.  While  the  nature  of  the 
“halo”  and  its  profile  are  not  presently  known,  it  can  be 
reasonably  assumed  to  also  have  a  normal  distribution.  A 
fitting  function  consisting  of  the  sum  of  two  normal 
functions  was  generated;  function  fA(aA=7.016)  primarily 
describes  the  core  of  the  beam,  and  function  fB 
(gb=40.733),  represents  the  contribution  of  the  wings  of 
the  beam.  Function  fA  is  very  similar  to  the  original 
normal  function  discussed  previously,  differing  only  in  a 
slight  change  in  the  value  of  the  deviation.  The  result  of 
the  addition  of  functions  fA  and  fB  is  shown  as  the  solid 
black  trace  in  Figure  2. 


Figure  2:  A  normal  function  shown  in  solid  blue  has  been 
fit  to  the  data  (red  x’s).  A  sum  of  two  normal  functions  is 
shown  in  solid  black.  The  x-axis  is  scaled  as  scanner 
position  in  mm’s  and  the  y-axis  is  log- amp  input  current 
in  Amps. 

The  mid  range  of  the  amplifier  can  be  demonstrated  by 
reducing  the  extracted  beam  an  order  of  magnitude  and 
taking  two  scans  with  amplifier  gains  of  10  and  100.  The 
results  are  shown  in  Figure  3  along  with  “no  beam”  scans 
at  the  same  gains. 
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Figure  3:  Profiles  of  a  0.36  pC  beam  taken  with  gains  of 
10  (blue  trace)  and  100  (green  trace)  are  shown  in  the 
chart.  Baseline  scans,  scans  with  no  extracted  beam,  were 
also  taken  at  these  gains  to  characterize  measurement 
noise. 

At  gain=10,  the  amplifier  is  again  saturated  at  peak 
signal  levels.  The  noise  limit  of  the  circuit  is  readily 
apparent  when  the  gain  is  set  to  100.  Peak  noise  currents 
are  two  orders  of  magnitude  above  the  offset  current 
baseline  for  this  gain.  The  increased  noise  is  a  function  of 
the  increased  bandwidth  at  the  higher  gain. 

Finally  a  scan  of  a  2  nC  “single  shot”  beam,  produced 
by  accumulating  beam  in  the  PSR  for  a  single  turn 
followed  by  normal  extraction  timing,  is  shown  in  Figure 
4.  The  plot  shows  some  evidence  of  the  beam  being 
hollow.  The  wings  of  the  beam,  if  they  exist  at  this 
extraction  current,  are  obscured  by  the  noise. 
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Figure  4:  Profile  of  a  “single  shot”  beam  taken  with  gain 
of  100.  Increased  averaging  of  the  samples  will  likely  aide 
in  the  ability  to  resolve  “halo”  at  low  beam  currents. 


AMPLIFIER  DISCUSSION 

A  block  diagram  of  the  amplifier  is  shown  in  Figure  5. 
The  Postage  consists  of  an  integrator  with  relay- 
selectable  capacitors  of  10  pF,  100  pF  and  1000  pF 
generating  the  three  gains  referred  to  as  100,  10  and  1. 
The  integrator  and  its  buffer  amplifier  are  actively  reset 
by  a  low-bandwidth  feedback  loop.  The  feedback  loop 
bandwidth  is  also  relay-selected  along  with  the  gain  to 
maintain  a  consistent  control  for  the  three  gain  settings. 


at  the  input  to  an  instrumentation  amplifier.  The 
instrumentation  amplifier  drives  the  transimpedance 
logarithmic  amplifier,  an  Analog  Devices  AD8304, 
followed  by  a  line  driver.  The  bandwidth  of  the  log  amp 
varies  as  a  function  of  input  current  from  10  kHz  to  10 
MHz.  A  low  pass  filter  at  the  output  of  the  log  amplifier 
reduces  the  overall  bandwidth  to  1  kHz. 

The  linearity  of  the  log  amplifier  is  challenged  at  high 
and  low  input  currents.  The  AD8304  requires  a  current 
source  as  an  input  driver  to  attain  the  manufacturers 
promised  160  dB  (100  pA  to  10  mA)  range  and  log 
conformance  less  than  0.1  dB  from  1  nA  to  1  mA.  The 
original  design  was  implemented  with  a  current  source  at 
the  input  to  the  log  amp,  but  circuit  issues  and  unexpected 
time  constraints  forced  the  removal  of  the  current  driver 
and  resulted  in  measurement  inaccuracy  for  currents 
somewhat  less  than  100  nA  during  beam  line  operations. 
The  specific  nature  of  the  measurement  inaccuracy,  an 
effect  of  increasing  dynamic  input  impedance  of  the  log 
amp  as  input  current  falls,  is  well  understood  and  has  been 
corrected  in  the  latest  version  of  this  circuit.  Measured 
data  as  reported  in  this  document  has  been  corrected  using 
a  calibration  curve  generated  in  a  careful  test  at  the  bench. 

A  second  active  feedback  loop  is  used  around  the 
combination  of  the  instrumentation  amplifier,  the  log  amp 
and  the  line  driver.  The  dominant  pole  of  the  feedback 
loop  is  fixed  at  1.59  Hz.  Switch  S4  removes  the  loop 
control  during  the  log  settling  and  A/D  converter  sample 
acquisition  time.  A  one- volt  source  in  the  feedback  loop  is 
used  to  set  the  1  nA  offset  current  to  the  log  amp. 

Timing  for  the  four  switches  is  provided  by  a  single 
master  timer  pulse  with  individual  switches  driven  by 
pulses  derived  from  the  master  timer  pulse  and  fixed  in 
time  by  on-board  circuits. 


Timing  _ ^ 

Pulse  n 


Tiningj 

Logic 


51  gate  <8  usee) 

52  gate  (4  usee) 

| - [>S3  gate  <4  usee) 

r- £>S4  gate  (500  usee) 


Figure  5:  Block  diagram  of  the  amplifier. 


In  addition  to  providing  auto-zero  cancellation  of  the 
integrator’s  input  offset  current  and  voltage  and 
cancellation  of  bias  supply  leakage  currents  through  the 
coupling  capacitor,  the  feedback  loop  allows  suppression 
of  low-frequency  noise  components  such  as  60  Hz  pickup. 
The  auto-zero  function  is  removed  by  switch  SI  during  a 
10  jisec  window  around  the  beam  time,  and  the  feedback 
loop  amplifier  maintains  the  last  correction  voltage  just 
prior  to  the  integrating  period. 

Two  sampling  amplifiers  acquire  data  during  the 
integrating  period  using  switches  S2  and  S3.  The 
“background”  sample  occurs  early  in  the  window  before 
the  beam  arrives  and  the  “signal”  sample  occurs  shortly 
after  the  beam  appears.  The  relative  timing  between  the 
switch  gates  is  reasonably  insensitive  to  adjustment  error. 
The  sampled  signals  are  acquired  on  a  holding  capacitor 


SUMMARY 

To  significantly  improve  the  experimental  determination 
of  the  beam  halo  in  the  extracted  beam  from  the  Los 
Alamos  Proton  Storage  Ring,  an  improved  wire  scanner 
has  been  developed,  tested  and  installed  in  the  extraction 
line.  To  enhance  the  signal-to-noise  ratio,  an  amplifier 
consisting  of  a  wide  dynamic-range,  integrating  amplifier, 
sample-and-hold  circuit,  log  amplifier  and  line  driver  is 
located  near  the  beam  line.  Errors  at  the  input  of  the 
amplifiers  are  actively  cancelled  and  timing  gates  are 
derived  from  a  single  input  pulse. 
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Abstract 

We  are  developing  techniques  for  imaging  beams  in 
heavy-ion  beam  fusion  experiments  in  the  HIF-VNL  in  2 
to  4  transverse  dimensions.  The  beams  in  current 
experiments  range  in  energy  from  50  keV  to  2  MeV,  with 
beam  current  densities  from  <10  to  200  mA/cm2,  and 
pulse  lengths  of  4  to  20  ps.  The  beam  energy  will  range 
up  to  10  MeV  in  near-future  beam  experiments.  The 
imaging  techniques,  based  on  kapton  films  and  optical 
scintillators,  complement  and,  in  some  cases,  may  replace 
mechanical  slit  scanners.  The  kapton  film  images 
represent  a  time-integrated  image  on  the  film  exposed  to 
the  beam.  The  optical  scintillator  utilizes  glass  and 
ceramic  scintillator  material  imaged  by  a  fast,  image- 
intensified  CCD-based  camera.  We  will  discuss  the 
techniques,  results,  and  plans  for  implementation  of  the 
diagnostics  on  the  beam  experiments. 

INTRODUCTION 

A  number  of  techniques  have  been  used  for  diagnosing 
the  transverse  spatial  and  velocity  distribution  of  heavy- 
ion  beams  in  the  experimental  heavy-ion  inertial  fusion 
energy  program  [1].  These  diagnostic  tools  include  wire 
grids,  slit  scanners,  Faraday  cups,  etc.  Recently  we  have 
developed  the  method  of  imaging  beams  on  kapton  film 
[2].  The  beam  ions  strike  the  film  and  degrade  its 
polymer  structure.  The  degradation  is  visibly  evident  as  a 
darkening  of  the  film,  and  acts  as  a  high-resolution 
indicator  of  the  time-integrated  beam  current  density 
profile.  A  drawback  of  the  kapton  imaging  technique  is 
that  the  kapton  film  needs  to  be  replaced  for  every 
measurement,  and  that  the  image  lacks  time  resolution. 
As  a  result  we  have  developed  optical  diagnostic 
techniques.  These  techniques  are  related  to  the  previously 
reported  gated  beam  imager  (GBI)[3],  The  GBI  uses  a 
pepper-pot  to  create  beamlets  that  are  imaged  directly 
onto  a  gated  microchannel  plate  (MCP)  and  CCD  camera. 
The  scintillator-based  technique  described  here  replaces 
the  MCP  imager  with  a  thin  sheet  of  scintillator  material. 
It  is  simple,  compact,  and  more  flexible,  because  only  the 
scintillator  material  is  placed  in  the  path  of  the  beam. 

Inorganic  scintillators  are  widely  used  as  beam  profile 
monitors,  and  the  mechanism  and  optical  response  to  an 
ion  beam  have  been  studied  extensively  [4],  The 
scintillation  yield  increases  with  particle  energy;  it 
depends  on  the  ion  energy  loss  per  unit  path  length  dE/dx 
and  on  the  ion  species.  For  a  given  energy  the  yield  is 
somewhat  larger  for  an  electron  than  for  a  beam  ion.  This 
behavior  is  in  contrast  to  that  of  kapton  film,  which 

*  Work  performed  under  the  auspices  of  the  U.S.  Department  of 
Energy  by  the  university  of  California,  Lawrence  Berkeley  National 
Laboratory  under  Contract  No.  DE-AC03-76F00098.. 
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strongly  discriminates  against  electrons  and  low  energy 
ions.  But  since  the  beam  ion  energy  is  much  higher  than 
the  maximum  energy  expected  from  any  stray  electrons, 
the  overall  yield  from  beam  ions  is  still  expected  to  be 
much  greater  than  from  the  same  number  of  electrons. 

OPTICAL  BEAM  IMAGING 

We  have  used  glass  and  ceramic  (98%  alumina)  as 
scintillator  materials.  Charge  neutralization  is  provided 
by  a  high-transparency  (80-90%  transmission)  metallic 
mesh  placed  on  or  near  the  surface  of  the  scintillator. 
Beam  ions  striking  the  mesh  generate  secondary 
electrons.  Since  the  secondary  electron  yield  is  on  the 
order  of  10  or  greater  for  the  beams  of  interest,  sufficient 
electrons  are  created  on  the  mesh  to  charge-neutralize  the 
insulating  surface.  In  addition,  by  applying  a  negative 
bias  to  the  mesh,  stray  external  electrons  are  decelerated 
and  deflected  away  from  the  scintillator,  limiting  their 
contribution  to  the  optical  image  to  negligible  levels. 

Images  on  the  thin  (0.1  mm)  wafer  of  alumina  are 
viewed  from  the  rear.  Typical  time  response  of  the  optical 
emission,  as  measured  by  a  photomultiplier  tube  (PMT), 
is  shown  in  Figure  1.  The  Injector  [5]  extraction  voltage 
pulse  is  shown  in  the  upper  trace  for  reference.  The  two 
lower  traces  show  the  (negative)  PMT  signal  when  the 
exit  aperture  of  HCX  is  grounded  (upper  curve)  and  when 
the  exit  aperture  of  HCX  is  at  -30  kV  potential.  When  the 
exit  aperture  is  at  a  large  negative  potential  a  long  tail  is 
observed  in  the  PMT  signal,  associated  with  energetic 
electrons  arriving  at  the  scintillator,  and  as  verified  by  the 
current  draw  on  the  scintillator  plate.  When  the  bias  is 
reversed,  the  tail  is  no  longer  present. 

The  measured  rise  time  of  the  scintillator  is  <50  ns. 
There  is  no  evidence  for  saturation  or  thermal  quenching 
in  the  scintillator  response.  Linearity  over  the  range  of 
measured  intensities  was  tested  by  imaging  the  same 
beam  in  horizontal  and  vertical  slit  scans.  The  local 
intensities  in  the  two  scans  differed  by  an  order  of 
magnitude,  but  the  summed  intensities  of  all  images  in 
each  of  the  two  scans  agreed.  The  lifetime  of  the 
scintillator  material  under  intense  ion  beam  bombardment 
is  limited.  For  an  HCX  K+  beam  (kinetic  energy  =  1.0 
MeV,  x pU]Se  =  4  ps,  j  =  60  mA/cm2),  the  optical  emission  of 
the  material  decays  with  an  e-folding  rate  of -170  pulses. 
As  a  result,  for  very  intense  beams,  such  as  HCX,  for  long 
life  it  is  necessary  to  limit  intensity  by  placing  holes  or 
slits  upstream  of  the  scintillator. 
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Figure  1.  Top:  Injector  extraction  voltage  pulse;  bottom: 
optical  emission  from  scintillator  at  the  downstream  end 
of  HCX[6]  with  (upper  trace)  and  without  (lower  trace) 
electron  suppression. 


Figure  2.  Transverse  beam  image  taken  on  NTX  [7].  The 
scale  is  3  cm  x  3  cm.  Also  shown  is  the  color  palette  used 
to  represent  the  images. 

BEAM  IMAGE  DATA 

Time-resolved  beam-induced  images  on  the  scintillator 
screen  are  captured  with  a  Princeton  Instruments  gated 
intensified  CCD  camera  viewing  the  scintillator  through  a 
vacuum  window.  Figure  2  shows  a  typical  beam  image 
taken  on  NTX.  The  beam  is  a  final-focus  beam  with  a 
sharp  spot.  Images  were  processed  in  ImageJ. 

In  addition  to  the  usual  beam  distribution  in  x-y  space 
we  have  the  ability  to  image  the  beam  in  other  dimensions 
of  phase  space.  By  interposing  horizontal  and  vertical 
slits,  phase  space  distributions  in  y'(x,y),  x'(x,y)  are 
measured;  and  with  the  use  of  a  pepper-pot  array  of 
pinholes,  the  distribution  in  x'(y'(x,y))  is  measured. 
Figure  3  shows  a  series  of  beam  images  on  the  scintillator 
for  a  slit  at  various  horizontal  locations  across  the  HCX 
beam.  The  images  are  for  a  1-ps  gate  in  mid-pulse.  The 
dark  band  in  the  images  is  a  0.5-mm  support  across  the 
slit,  located  just  below  the  vertical  axis  of  the  HCX.  The 
images  show  the  horizontal  angular  beam  spread  (x1)  as  a 
function  of  y  for  a  given  slit  position  x.  The  structure  in 


the  images  represents  structure  in  the  transverse  particle 
distribution  that  is  not  accessible  in  a  double-slit  scan. 


Figure  3.  (a)  Series  of  representative  images  of  the  beam 
passing  through  a  slit  at  various  horizontal  locations 
across  the  beam,  (b)  Sum  of  horizontal  slit  images  in  a 
scan. 

In  a  double-slit  scan,  the  signals  are  summed  by  a 
second  slit-cup  scanned  across  the  first  slit  such  that  a 
line-integrated  profile  of  the  beam  results.  A  slit  scan  can 
be  simulated  in  the  optical  data  by  integrating  the  optical 
signal  along  a  vertical  or  horizontal  line.  Figure  4  shows 
a  comparison  between  a  line-integrated  profile  of  the 
beam  from  the  optical  data,  and  the  equivalent  profile  for 
the  same  beam  measured  by  moving  a  slit-cup  detector 
across  the  beam  (“mechanical”).  The  two  curves  do  not 
agree  exactly  because  the  two  diagnostic  planes  differ 
(Az=4.1  cm).  The  notch  in  the  optical  data  corresponds  to 
the  location  of  the  support  seen  in  Figure  3. 


Table  1 :  Measured  RMS  beam  parameters 


a 

b 

a' 

b' 


Double  Slit 

12.3  mm 
20.9  mm 
-37.9  mrad 

43.3  mrad 

67  7i  mm  mrad 
64  n  mm  mrad 


Optical 

12.1  mm 
20.4  mm 
-35.8  mrad 
41.6  mrad 
76  n  mm  mrad 
71  7i  mm  mrad 


The  2*RMS  horizontal  and  vertical  beam  size  and  angle 
a,  b,  a',  b',  and  the  4*RMS  emittances  ex  and  ey  are 
calculated  in  the  usual  way,  and  summarized  in  Table  1  in 
comparison  with  mechanical  slit  scan  data  for  the  same 
beam.  The  agreement  is  within  experimental  errors  in  the 
beam  size  and  angle.  The  emittance  measurements  are 
very  sensitive  to  the  noise  level  in  the  data.  Increased 
noise  or  scatter  in  the  optical  image  signal  compared  to 
the  double-slit  scanner  is  reflected  in  a  higher 
determination  of  the  emittance. 
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Figure  4.  Comparison  between  a  vertical  mechanical  scan 
and  a  simulated  optical  slit  scan  for  an  80%  fill-factor 
case  on  HCX. 


Figure  5.  Constructed  image  of  the  HCX  beam  intensity 
profile  based  on  measured  (a)  optical  slit  scan  and  (b) 
mechanical  crossed-slit  measurement.  The  scale  for  both 
images  is  3.0  x  4.68  cm. 

Algorithms  for  reconstruction  of  the  beam  profiles  in  all 
transverse  dimensions  have  been  developed  [8].  A  typical 
reconstructed  image  is  shown  in  Figure  5a.  This  profile 
was  developed  from  an  optical  slit  scan  (as  in  Figure  3) 
using  31  beam  pulses.  It  represents  the  transverse  beam 
intensity  distribution  referred  to  the  horizontal  slit  plane. 
The  assumption  of  a  linear  transformation  of  the  beam 
between  the  slit  and  the  screen  is  made.  Figure  5b  shows 
the  equivalent  profile  of  the  beam  constructed  by  building 
up  an  image  point-by-point  using  a  pair  of  crossed  slits, 
integrated  over  a  1-ps  time  window  in  mid  pulse.  This 
image  required  4096  beam  pulses.  The  sloping  dark  band 
in  the  crossed-slit  data  is  caused  by  a  support  across  the 
slit-cup  detector  entrance  slit.  Similar  images  of  the 
moments  of  the  beam  distribution,  such  as  the  local  mean 
angle,  and  the  local  RMS  angle  spread  (which  is  related  to 


the  transverse  beam  temperature  distribution),  are  also 
constructed  from  the  optical  data. 


Other  mechanisms  for  beam-induced  optical  emission 
have  been  observed.  There  is  a  weak  optical  signal  from 
beam  interaction  with  ambient  gas.  A  stronger  emission 
comes  from  the  gas  cloud  that  is  created  at  a  wall  when 
bombarded  by  the  intense  ion  beam.  Images  taken 
through  a  hole  plate  show  optical  signal  attributed  to  this 
effect  through  the  holes  that  can  be  significant  for  intense 
or  tightly-focused  beams.  This  effect  can  also  be 
expected  to  occur  at  the  front  surface  of  the  scintillator. 
The  scintillator  can  be  modified  to  eliminate  it  by 
depositing  a  thin  (150  nm)  aluminum  layer  on  the  front 
surface  as  an  optical  barrier.  In  addition,  this  mechanism 
provides  an  alternate  imaging  technique  that  is  rugged  and 
self-healing.  It  may  prove  to  be  a  useful  remote 
diagnostic  for  beam-wall  interactions. 

CONCLUSIONS 

Imaging  of  the  beam  by  optical  diagnostic  techniques 
provides  a  diagnostic  tool  of  great  capability  and 
flexibility  for  HIF-VNL  experimental  beams.  It  provides 
complete,  high-resolution  two-dimensional  images  of  the 
beam  in  as  little  as  a  single  pulse,  in  contrast  to  thousands 
of  beam  pulses  required  by  older  diagnostic  techniques 
such  a  crossed-slit  scan.  It  also  provides  full  4 
dimensional  beam  profile  information  with  the  use  of  slits 
combined  with  pinholes. 
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Abstract 

A  second  beamline,  BL  7.2,  completely  dedicated  to 
beam  diagnostics  is  being  installed  at  the  Advanced 
Light  Source  (ALS).  The  design  has  been  optimized  for 
the  measurement  of  the  momentum  spread  and 
emittance  of  the  stored  beam  in  combination  with  the 
existing  diagnostic  beamline,  BL  3.1.  A  detailed 
analysis  of  the  experimental  error  has  allowed  the 
definition  of  the  system  parameters.  The  obtained 
requirements  found  a  good  matching  with  a  simple  and 
reliable  system  based  on  the  detection  of  X-ray 
synchrotron  radiation  (SR)  through  a  pinhole  system. 
The  actual  beamline,  which  also  includes  a  port  for 
visible  and  infrared  SR  as  well  as  an  X-ray  beam 
position  monitor  (BPM),  is  mainly  based  on  the  design 
of  two  similar  diagnostic  beamlines  at  BESSY  II.  This 
approach  allowed  a  significant  saving  in  time,  cost  and 
engineering  effort.  The  design  criteria,  including  a 
summary  of  the  experimental  error  analysis,  as  well  as  a 
brief  description  of  the  beamline  are  presented. 


where  fix  and  7}x  are  the  horizontal  beta  function  and 
dispersion  at  the  point  of  observation,  e  is  the  natural 
emittance,  K  is  the  emittance  ratio  and  op  fp  is  the  rms 
relative  momentum  spread.  If  horizontal  beam  size 
measurements  in  two  different  points  of  the  machine  are 
performed  and  the  optical  functions  at  the  observation 
points  are  known,  it  is  straightforward  by  using 
equation  (1)  to  extract  the  values  of  the  horizontal 
emittance  and  of  the  momentum  spread: 
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Here  and  throughout  the  paper  the  index  i  =  1  refers  to 
the  new  BL  7.2  and  i  =  2  to  the  existing  BL  3. 1. 


INTRODUCTION 

Diagnostic  beamlines  using  synchrotron  radiation  (SR) 
are  a  powerful  tool  for  measuring  storage  ring 
parameters.  In  our  case,  we  were  particularly  interested 
in  measuring  emittance  and  momentum  spread  of  the 
ALS  electron  beam.  The  new  beamline,  BL  7.2,  while 
allowing  several  different  measurements,  has  been 
optimized  for  the  measurement  of  these  two  quantities 
in  combination  with  the  existing  diagnostic  beam  line, 
BL3.1.  In  this  paper  we  present  a  summary  of  the 
experimental  error  analysis  that  allowed  defining  the 
new  system  specifications,  the  pinhole  system  that  we 
select  as  a  best  requirement  matching  and  a  general 
description  of  BL  7.3  features.  The  new  beamline  is 
presently  under  installation  and  will  be  commissioned 
in  August  this  year. 


Experimental  Error  Analysis 

In  order  to  define  the  specifications  for  the  new 
beamline  a  complete  analysis  of  the  experimental  error 
has  been  performed  [1].  As  example,  we  report  here  the 
expression  obtained  by  propagating  the  error  on 
equation  (3): 
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THE  MOMENTUM  SPREAD- 
EMITTANCE  MEASUREMENT 

For  a  beam  at  equilibrium  the  transverse  beam  size  is 
given  by  the  combination  of  the  emittance  and 
momentum  spread  terms.  For  the  horizontal  rms  size  we 
can  write: 
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Equation  (4)  shows  the  dependence  of  the  experimental 
error  on  the  errors  of  the  single  parameter  of  the  actual 
measurement  system:  Mt  is  the  total  magnification  of 
the  i-th  system,  pxi  is  the  pixel  size  (CCD  or  phosphor), 
xRi  is  the  system  resolution  and  the  quantity  gf  defined 
as  the  ‘digital  amplitude’  is  the  numerical  amplitude  of 
the  signal  at  the  ADC  frame  grabber  at  the  end  of  the 
acquisition  chain.  For  a  Gaussian  distribution  [1]: 
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where  bt  is  the  number  of  bits  of  the  ADC  and  0  <  D  < 
1  is  the  ‘dynamics  factor’,  a  numerical  quantity 
indicating  the  percentage  of  the  system  dynamics  used 
in  the  measurement.  The  coefficients  of  the  error  terms 
in  equation  (4)  are  functions  of  the  source  point  and 
measurement  system  parameters.  For  example: 

(  2  \2 

RSp2  =  -'p-  Hx  22 
^  xrms2  j 

with 

Hx22=~, -  - 

'Px\Xrms2  ~  Px2Xms\ 
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Equation  (4)  and  the  similar  expression  for  the 
emittance  have  been  systematically  evaluated  for  the 
ALS  case  (Table  1)  as  a  function  of  all  the  measurement 
system  parameters.  Figure  1  shows  some  examples. 


Table  1 :  ALS  Parameters 
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Figure  1:  Experimental  error  as  function  of  the  BL  7.2 
ADC  number  of  bits  (top)  and  resolution  (bottom). 
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The  complete  error  analysis  brought  to  the 
specifications  for  the  new  system  shown  in  Table  2. 


Table  2:  BL  7.2  Specifications 


Parameter  Specification 

Value 

Resolution  [pm] 

<25 

Pixel  size  [pm] 

<10 

Total  magnification 

>1 

ADC  number  of  bits 

>8 

Dynamics  factor 

>0.5 

The  resolution  requirement  finds  a  good  matching 
with  a  very  simple  and  reliable  system  based  on  the 
detection  of  X-ray  synchrotron  radiation  through  a 
pinhole  system. 

THE  PINHOLE  SYSTEM 

The  pinhole  shown  in  Figure  2  is  the  simplest  system 
for  performing  profile  measurements. 


Figure  2:  Pinhole  System  Schematics. 


The  magnification  of  the  system  is  R2/Ri  while  the 
total  resolution  is  given  by  [2]: 


where  A  is  the  wavelength  of  the  radiation  used  for  the 
measurement  and  the  other  quantities  are  defined  in 
Figure  2.  The  first  term  in  the  right  hand  side  of 
equation  (8)  is  due  to  diffraction  while  the  second  is  due 
to  the  geometry  of  the  system.  For  the  optimum  pinhole 
diameter: 


the  two  contributing  terms  become  equal  and  the 
resolution  assumes  its  minimum: 
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BEAM  LINE  7.2  DESCRIPTION 

BL  7.2  was  mainly  based  on  the  design  of  similar 
diagnostic  beamlines  at  BESSY  II  [3]  allowing  a 
significant  saving  in  time,  cost  and  engineering  effort. 
With  reference  to  Figure  2,  a  variable  thickness 
Molybdenum  filter  has  been  inserted  between  the 
pinhole  and  the  image  plane  with  the  double  role  of 
band-pass  filter  for  the  proper  selection  of  the  radiation 
wavelength  and  as  a  variable  attenuator.  Downstream 
the  filter  at  the  image  plane,  a  phosphor  screen  allows 
the  conversion  from  X-rays  to  visible  light.  The  image 
is  then  collected  and  digitized  by  a  system  composed  by 
a  remotely  controlled  zoom,  a  CCD  camera  and  a  frame 
grabber.  Table  3  summarizes  BL  7.2  parameters  while 
Table  4  shows  the  characteristics  of  the  five  positions 
filter-attenuator  used  in  the  system. 


Table  3:  BL  7.2  Characteristics 


BL  7.2  Parameter 

Value 

R1  [m] 

6.08 

R2  [m] 

2.04 

Pinhole  Diameter  [pm] 

20 

CCD  Pixel  size  [pm] 

8.6 

Total  maximum  magnification 

1.31 

ADC  number  of  bits 

8 

Dynamics  factor 

>0.5 

Table  4:  BL  7.2  Filter- Attenuator  Characteristics 


Pos. 

Mater. 

Thick. 

[Hm] 

Flux 

[ph/s] 

Attn. 

Factor 

<E> 

[keV] 

Oe 

[keVl 

Xr 

[pm] 

1 

A1 

10 

2.3  10" 

1 

8.5 

3.6 

26.7 

2 

Mo 

5 

6.3  1010 

3.7 

10.8 

3.7 

24.3 

3 

Mo 

20 

1.5  1010 

15.3 

13.3 

3.3 

22.9 

4 

Mo 

50 

3.9  109 

59.0 

15.1 

2.7 

22.3 

5 

Mo 

90 

1.2  109 

192 

16.3 

2.2 

21.9 

The  fourth  column  of  Table  4  shows  the  flux  of 
photons  impinging  the  phosphor  downstream  the  filter 
at  the  nominal  ALS  current.  The  intensity  is  large 
enough  to  allow  low  error  profile  measurements  with 
stored  currents  much  smaller  than  the  nominal 
maintaining  at  the  same  time  a  reasonable  integration 
time.  The  sixth  and  seventh  columns  of  the  table  show 
respectively  the  average  energy  and  the  rms  energy 
spread  of  the  filtered  photons.  The  last  column  indicates 
the  system  resolution  obtainable  with  the  different 
filters. 

Table  5  summarizes  the  performances  of  the  system 
for  different  measurements.  It  must  be  remarked  that  the 
minimum  value  for  the  emittance  and  momentum 
spread  experimental  error  is  mainly  defined  by  the 
optical  functions  at  the  two  source  points  and  cannot  be 
significantly  reduced  by  a  further  adjustment  of  the 
BL  7.2  parameters. 

Preliminary  resolution  studies  considering  the 
polarization  of  the  synchrotron  radiation  [4]  have 


shown  a  better  resolution  for  the  pinhole  system  than 
the  one  calculated  by  using  expression  (8).  In  fact,  due 
to  the  nature  of  the  SR  the  photons  passing  through  the 
small  pinhole  are  naturally  polarized  in  the  machine 
plane.  The  diffraction  figure  for  such  a  polarization  is 
smaller  than  for  the  case  of  non-poiarized  light  with 
beneficial  impact  on  the  resolution.  A  more  precise 
characterization  of  such  effect  is  under  way. 


Table  5:  BL  7.2  Calculated  Performances 


Measurement  Type 

Experimental  Error 
(rms  value) 

Momentum  Spread 

5.6% 

Horizontal  Emittance 

6.6% 

Horizontal  Beam  Size 

1.3% 

Horizontal  Dispersion 

1.2% 

Horizontal  Distribution  Centroid 

1.1  % 

In  the  actual  design,  BL  7.2  has  a  matrix  of  21  rows 
and  II  columns  of  pinholes  instead  of  a  single  pinhole. 
As  described  in  reference  [3],  this  configuration  allows 
the  measurement  of  other  quantities  such  as  emission 
and  aperture  angles  of  the  SR  at  the  source.  The 
remotely  controlled  zoom  lens  permits  passing  from  the 
high  resolution  mode,  where  only  the  central  pinhole  is 
visible,  to  the  low  resolution  one  where  the  whole 
pinhole  matrix  can  be  viewed. 

Another  feature  of  BL  7.2  is  the  presence  of  an  X-ray 
beam  position  monitor  for  the  measurement  of  the 
electron  beam  orbit  position  and  angle  at  BL  7.2  source 
point.  The  system,  which  is  of  the  same  kind  of  the  ones 
in  successful  operation  at  BESSY  II,  is  based  on  the 
differential  measurement  of  the  electron  secondary 
emission  induced  on  two  metallic  blades  by  the  SR  [3]. 

Finally,  a  special  BL  7.2  port  dedicated  to  visible  and 
infrared  SR  can  be  used  for  several  different  electron 
beam  measurements  including  longitudinal  distribution 
profile  and  motion,  transversal  motion  and  coherent 
effects  in  the  SR  at  the  infrared  and  far-infrared 
wavelength. 
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Abstract 

We  report  on  development  of  a  new  storage  ring 
operations  tool  for  measurement  of  longitudinal  beam 
density  profile.  The  technique  mixes  synchrotron  light 
with  light  from  a  mode  locked  solid-state  laser  oscillator 
in  a  non-linear  crystal  and  detects  the  up-converted 
radiation  with  a  photo-multiplier.  The  laser  is  phase 
locked  to  the  storage  ring  RF  system.  The  laser  choices 
available  for  repetition  frequency,  pulse  length  and  phase 
modulation  give  a  very  wide  range  of  options  for 
matching  the  bunch  configuration  of  particular  storage 
rings.  Progress  in  the  technology  of  solid-state  lasers 
ensures  this  system  can  be  made  robust  for  routine  use  in 
storage  ring  operations.  A  very  large  number  of  important 
applications  are  possible  including  measurement  of  the 
fraction  of  untrapped  particles  prior  to  acceleration,  the 
population  of  particles  in  the  nominally  unfilled  RF 
buckets  in  a  bunch  train  (“ghost  bunches”),  longitudinal 
tails,  the  diffusion  of  particles  into  the  beam  abort  gap  and 
the  normal  bunch  parameters  of  longitudinal  shape  and 


intensity.  We  are  currently  investigating  application  to 
two  devices:  (1)  the  1.9  GeV  ALS  electron  storage  ring  at 
LBNL  with  328  RF  buckets,  2ns  bucket  spacing,  276 
nominally  filled  bunches,  15-30ps  rms  bunch  length  and 
(2)  the  7  TeV  LHC  proton  collider  under  construction  at 
CERN  with  35,640  RF  buckets,  2.5  ns  bucket  spacing, 
2,808  nominally  filled  bunches,  280-620  ps  rms  bunch 
length.  A  proof  of  principle  experiment  is  being 
conducted  on  ALS.  The  results  of  the  ALS  experiment 
and  detailed  analyses  of  the  application  to  LHC  and  its 
requirements  are  described. 

INTRODUCTION 

The  purpose  of  the  work  described  in  this  paper  is  to 
develop  a  flexible  beam  instrument  for  the  measurement 
of  the  longitudinal  bunch  distribution  of  beam  particles  in 
storage  rings.  The  approach  that  is  being  developed  is 
indicated  schematically  in  Fig.  1  and  has  two  parts;  (1) 
utilization  of  the  synchrotron  and  wiggler  radiation 


Figure  1.  Schematic  of  the  experimental  technique  for  longitudinal  beam  density  measurement  by  up-conversion  of 
synchrotron  radiation  with  a  CW  laser. 


emitted  by  highly  relativistic  beam  particles  in  strong 
magnetic  fields  and  (2)  cross  correlation  of  the 
synchrotron  or  wiggler  radiation  with  light  from  a  solid 
state  CW  laser  that  is  phase  locked  to  the  storage  ring 
radio  frequency  system.  The  cross  correlation  is  done 
by  mixing  the  laser  and  beam  radiation  in  a  non-linear 
crystal  and  detecting  the  sum  frequency  radiation. 
When  the  synchrotron  radiation  is  in  the  near  infrared, 
this  allows  shifting  the  detection  wavelength  to  the 


optical  region  where  quantum  efficiency  is  high.  A 
prototype  system  has  been  assembled  and  initial  data 
taken  in  beamline  5.3.1  at  the  ALS  electron  storage 
ring  at  LBNL. 

Owing  to  the  large  range  of  laser  pulse  lengths  and 
repetition  frequencies  available  it  is  possible  to  design 
a  system  that  can  accurately  measure  bunch  shapes 
with  -1  ps  to  -50  ps  resolution  and  with  rms  lengths 
from  -10  ps  to  -1  ns  for  any  modem  day  storage  ring; 
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Tevatron,  RHIC,  ALS,  LHC,  APS  etc.  A  longitudinal 
density  monitor  will  find  a  wide  range  of  applications 
that  provide  essential  information  for  machine 
operation  and  longitudinal  beam  dynamics  studies, 
including  measurements  of:  (1)  the  untrapped  beam 
fraction,  (2)  the  intensity  of  ghost  bunches,  (3)  the 
fraction  of  particles  in  the  beam  abort  gap,  (4)  the 
longitudinal  bunch  shape  and  (5)  coherent  multi  bunch 
modes.  The  concept  was  originally  proposed  and  is 
being  developed  at  LBNL  for  the  Large  Hadron 
Collider  (LHC)  under  construction  at  CERN.  In  this 
case  the  stored  beam  energy  is  very  high  -350 
MJ/beam  and  can  cause  extensive  damage  to  machine 
components  if  some  of  it  diffuses  into  the  beam  abort 
gap.  It  is  therefore  clearly  necessary  for  LHC 
operations  to  have  a  good  understanding  of  the 
longitudinal  distribution  of  protons.  In  addition,  it  is 
desirable  to  minimize  the  untrapped  beam  fraction  prior 
to  the  energy  ramp  and  to  limit  the  beam  population  in 
the  ghost  bunches  which  cause  background  in  the 
detectors.  In  the  LHC  context  our  goal  is  to  develop  an 
instrument  with  four  orders  of  magnitude  dynamic 
range  so  diffusion  of  beam  particles  into  unwanted 
regions  can  be  detected  well  before  reaching  a  level 
that  could  damage  equipment.  The  idea  of  building 
such  a  system  on  ALS  was  to  demonstrate  the  quality 
of  information  available  and  the  practicality  of  such  a 
system  for  routine  use  in  an  accelerator  control  room. 

EQUIPMENT 

The  synchrotron  radiation  from  the  bunched  beam  of 
the  ALS  is  mixed  in  a  non-linear  crystal  with  a  mode 
locked  Ti:A!2C>3  laser  oscillator  and  the  up-converted 
radiation  is  detected  with  a  photo-multiplier  tube.  The 
laser  operates  at  71  MHz  (14  ns)  with  pulse  length  50 
fs,  wavelength  800  nm  and  power  100-200  mW  and 
has  been  described  previously  [1].  The  197  m  main 
ring  of  the  ALS  has  328  RF  buckets  separated  by  2  ns 
so  that  after  7  revolutions  each  RF  bucket  has  been 
sampled  once  (7x47=328+1).  The  laser  is  phase  locked 
to  the  ALS  RF  frequency.  The  laser  is  phase  modulated 
at  10  Hz  with  a  mirror  mounted  on  a  piezo-electric 
crystal  and  arranged  to  sample  the  profile  of  each  RF 
bucket  with  32  time  slices  separated  by  approximately 
4.8  ps.  Nominally  276  consecutive  buckets  are  filled 
with  -1.2  mA  per  bunch  and  the  52  bucket  gap  has  a 
single  “camshaft”  bunch  of  -6  mA  near  the  center  of 
the  gap. 

The  electronic  hardware  and  the  software  necessary  to 
measure  the  longitudinal  density  profile  of  the  ALS 
was  developed  in  2002.  A  data  acquisition  board  was 
designed  and  fabricated  to  accumulate  the  number  of 
photon  counts  per  time  slice  per  bunch  passage.  The 
data  acquisition  board  contains  an  address  generator 
and  bunch  accumulation  memory  that  keeps  the  data 
sorted  according  to  position  in  the  circumference  of  the 
ALS.  Data  accumulation  stops  and  a  trigger  is 
generated  for  readout  by  a  PC  after  a  certain  number  of 


revolutions  of  the  ALS.  The  software  that  has  so  far 
been  developed  allows  for  display  of  (1)  electron 
density  profile  with  4.8  ps  sampling  interval  over  the 
full  circumference  of  the  ALS,  (2)  peak  and  integrated 
intensity  per  RF  bucket  versus  bucket  position  and  (3) 
rms  pulse  length  per  RF  bucket  versus  bucket  position. 
Examples  are  given  in  the  following  section. 

INITIAL  RESULTS 

The  data  acquisition  board  and  software  described  in 
the  previous  section  have  been  successfully  tested  in 
initial  experiments  on  the  ALS. 


Figure  2.  Beam  intensity  profile  of  a  single  bunch  in 
the  ALS  measured  by  correlation  of  synchrotron  light 
emission  with  a  mode  locked  solid-state  laser 
oscillator. 


Fig.  2  shows  the  density  profile  of  the  “camshaft”  pulse 
in  photon  counts  per  bunch  passage  for  a  typical  fill  of 
the  ALS  (1  count  =  4.4  mA).  The  rms  pulse  length  is 
approximately  18  ps.  The  ‘camshaft”  pulse  is  quite 
symmetric  and  leans  forward  slightly  due  to  the 
inductive/resistive  impedance  of  the  ALS  ring  [2]. 
Similar  density  profiles  of  the  complete  RF  bucket  train 
of  the  ALS  were  obtained  simultaneously. 
to 

U) 

to 
in 
tn 

TO 
Q. 

-C 

o 
c 

ZJ 
-Q 


TO 

CL 


in 

4-» 

c 

D 

O 

(J 


Figure  3.  Integrated  intensity  of  all  328  RF  buckets 
in  the  ALS. 
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Fig.  3  shows  the  integrated  bunch  intensity  versus  RF 
bucket  number  (from  0  to  327).  The  gap  in  bunch 
intensity  extends  from  buckets  129  to  180.  The 
“camshaft”  bunch  is  in  the  middle  of  the  gap  at  bucket 
number  164  and  has  intensity  1.63  counts. 

A  low  intensity  0.035  counts  is  visible  in  the  trailing 
bucket  number  165.  The  average  background  is  0.014 
counts  and  can  be  further  reduced  by  inserting  a  filter 
to  reject  second  harmonic  laser  light  and  decreasing  the 
ambient  background  radiation  from  room  lights  near 
the  photomultiplier.  Inspection  of  the  nominally  filled 
RF  buckets  reveals  a  nine  bucket  repeating  pattern  of 
bunch  intensity  variation  at  the  level  of  ±20%.  This  is 
traceable  to  intensity  variation  from  the  booster 
injecting  into  the  ALS.  Fig.  4  shows  the  rms  bunch 
length  versus  bunch  number.  The  rms  bunch  lengths  of 
the  nominally  filled  RF  buckets  are  in  the  range  16  to 
18  ps  and  show  a  trend  of  decreasing  linearly  from  18 
ps  adjacent  to  the  gap  to  16  ps  on  the  opposite  side  of 
the  ring  due  to  transient  beam  loading  in  the  harmonic 
RF  cavities.  The  approximately  40  ps  rms  bunch  length 
for  the  empty  gap  buckets  corresponds  to  the  rms 
length  of  a  uniform  distribution  with  full  duration  equal 
the  measurement  window  per  bucket.  This  can  be 
corrected  in  software  by  subtracting  the  background 
level.  The  background  level  is  also  responsible  for  the 
28  ps  length  attributed  to  the  parasite  bunch 
immediately  trailing  the  “camshaft”. 
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Figure  4:  RMS  bunch  length  of  the  328  RF  buckets  in 
the  ALS. 


Fig.  5  shows  in  more  detail  the  leakage  from  the 
“camshaft”  bunch  into  the  two  trailing  RF  buckets  on  a 
logarithmic  scale  to  emphasize  the  dynamic  range  of 
signal  detection.  The  peak  of  the  ‘camshaft’  bunch  is 
5xl0‘  counts  whereas  the  noise  level  is  ~2xl0'5,  giving 
a  signal  to  noise  ratio  of  roughly  2.5xl03.  The  noise  is 
primarily  due  to  fluctuations  in  ambient  background 
light  and  can  be  further  improved  so  104  dynamic  range 
can  be  expected. 

The  power  of  the  experimental  method  under 
development  is  clearly  indicated  in  Figs.2-5.  The  time 


resolution  exceeds  that  possible  by  purely 
electromagnetic  pickup  devices.  The  dynamic  range 
that  can  be  expected  is  at  least  four  orders  of 
magnitude.  The  technique  is  well  suited  to  routine 
digital  signal  analysis  of  a  very  large  number  of 
buckets  (328  for  ALS  and  3,564  for  the  future  LHC). 


Bunch  Number 


Figure  5:  “Camshaft”  pulse  and  two  trailing  RF 
buckets.  Background  has  been  subtracted. 


CONCLUSIONS 

In  this  paper  we  have  presented  a  summary 
description  of  a  new  tool,  based  on  non-linear  mixing 
of  the  synchrotron  radiation  with  a  mode-locked  laser, 
for  measuring  the  longitudinal  beam  profile  in  a  storage 
ring.  The  non-linear  mixing  technique  allows  to  detect 
the  beam  signal  in  the  optical  range  with  high  quantum 
efficiency,  even  when  the  natural  synchrotron  radiation 
has  longer  wavelengths  (for  example,  in  lower  energy 
proton  rings).  Additionally,  our  instrument  has  very 
good  time  resolution  (which  depends  on  the  laser 
parameters)  and  dynamic  range. 

We  also  present  the  first  results  of  our  instrument 
testing  on  Berkeley  ALS  main  storage  ring.  A 
comparison  with  other  diagnostics  available  at  the  ALS 
shows  good  agreement  with  the  LDM  data,  for  both  the 
bunch  length  and  phase. 
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Abstract 

A  energy  analyzer  system  is  being  built  for  the 
DARHT-II  accelerator  similar  to  the  energy  analyzer  used 
on  the  Astron  accelerator  [1].  This  system  consists  of  a 
scattering  wire,  magnetic  bend,  and  null  signal  detector. 
The  wire  thickness  of  40  mil  carbon  and  the  scattering 
angle  of  11  degrees  is  chosen  for  good  signal  to  noise 
ratio.  The  dipole  bend  angle  is  60  degrees,  with  a  30  cm 
radius  of  curvature.  The  image-plane  focal  distance  is 
chosen  for  the  required  energy  resolution.  The  energy 
resolution  and  acceptance  are  0.1%  and  ±5%  with  a  time 
response  of  10  nsec.  The  wire  must  survive  the  2usec 
2kA,  18.4  MeV  DARHT-II  beam.  The  MCNP  code  [2] 
was  used  to  study  the  wire  scattered  properties.  The  scat¬ 
tered  beam  fills  the  available  1x2  cm  dipole  aperture.  The 
dispersion  normal  to  the  beam  direction  is  0.43  cm/%. 
The  detector  is  a  PIN  diode  array  which  determines  the 
beam  position  on  the  chip.  This  array  consists  of  40 
2.5x0.1x0.25  mm  bins  with  a  gain  in  excess  of  10000. 
The  system  will  be  installed  in  the  space  between  the 
debris  blocker  and  the  cruncher  solenoid  up-stream  from 
the  shuttle  dump  [3]. 

1  Introduction 

We  have  developed  a  energy  spectrometer  for 
DARHT-II  based  on  an  instrument  developed  for  the 
Astron  Accelerator  some  30  years  ago.  We  propose  to 
locate  the  spectrometer  downstream  of  the  Debris  Blocker 
in  front  of  the  Shuttle  Dump,  figure  1.  The  preliminary 
specifications  of  the  analyzer  are: 


Energy  Resolution 

*=0.1% 

Energy  Acceptance 

±5% 

Relative  accuracy/repeatability 

*0.1% 

Absolute  accuracy 

<1% 

Time  response 

<  10  ns 

Consideration  was  given  to  minimizing  perturbations  of 
the  primary  DARHT  beam  when  the  analyzer  is  not  in 
use. 


The  instrument  uses  a  small  rod  or  wire  placed 
transverse  to  the  beam  to  scatter  a  tiny  fraction  of  the  pri¬ 
mary  beam  into  a  secondary  beam  line.  The  secondary 
line  is  1 1  degrees  from  the  main  line.  The  scattered  beam 
travels  one  meter  through  an  adjustable  aperture  located 
in  front  of  an  analyzing  magnet  that  bends  the  scattered 
beam  60  degrees  further  from  the  main  beam  and  focuses 
it  to  approximately  a  1  mm  wide  strip  at  the  plane  of  a 
PIN  detector  array  =  34  cm  away.  The  image  of  the  scat¬ 
tering  wire  at  the  detector  plane  is  approximately  a  lx  10 
mm  ellipse.  The  detector  array  is  4  cm  long  in  the  bend 
plane  and  is  located  transverse  to  the  scattered  beam.  The 
energy  acceptance  of  this  detector  array  intercepts  elec¬ 
trons  within  ±  5%  of  the  central  ray  energy  and  amplifies 
the  scattered  beam  current  by  a  factor  greater  then  10,000. 
Calculations  suggest  that  the  energy  of  the  scattered  beam 
can  be  determined  with  a  resolution  of  approximately 
0.1%  by  electrically  determining  the  transverse  position 
the  secondary  beam  strikes  the  detector  array. 

2  Scattering  wire 

Because  of  the  higher  DARHT  beam  energy, 
obtaining  adequate  signal  at  the  detector  required  a  scat¬ 
tering  rod  or  wire  that  was  about  1  mm  in  diameter  if  car¬ 
bon  or  0.5  mm  diameter  if  titanium.  However,  the  tem¬ 
perature  of  the  carbon  wire  could  increase  by  as  much  as 
1000  degrees  C  and  titanium  would  not  survive  a  2  cm 
diameter  DARHT  beam  at  full  current  and  pulse  width. 
As  a  consequence,  if  required  we  propose  to  expand  the 
beam  to  7  cm  diameter  thereby  dropping  the  beam  current 
density  by  a  factor  of  10  when  the  scattering  wire  is  pre¬ 
sent  by  turning  off  focusing  upstream  of  the  wire,  figure 
2.  The  energy  lost  in  the  scattering  wire  is  not  negligible 
and  can  amount  to  as  much  as  1  or  2%.  Fortunately,  the 
Monte  Carlo  code  calculations  indicate  that  the  energy 
spectrum  is  spread  by  only  about  0.5%.  When  the  ana¬ 
lyzer  is  not  in  use,  the  scattering  wire  is  withdrawn  from 
the  main  beam  line  to  avoid  perturbing  the  primary  beam. 


*  This  work  was  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  University  of  California, 
Lawrence  Livermore  National  Laboratory  under  contract 
No.  W-7405-ENG-48. 
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3  Magnet 

The  bend  magnet  is  based  on  the  design  of  an  exist¬ 
ing  Los  Alamos  magnet.  The  principal  difference  is  that 
the  gap  is  increased  from  1  to  1.5  cm.  This  will  permit 
the  insertion  of  a  separate  aluminum  vacuum  chamber 
with  inside  dimensions  of  2  cm  width  by  1  cm  height.  It 
also  will  permit  the  insertion  of  a  precision  Hall  effect 
Gauss  meter  in  the  magnet  gap  for  precise  determinations 
of  the  bending  magnetic  field.  The  beam  enters  and  exits 
normally  to  the  magnet  with  a  30  cm  radius  of  curvature 
in  the  magnet  under  nominal  conditions.  This  provides  a 
bend  plane  focusing  of  the  beam  some  30  cm  past  the 
magnet  exit,  figure  3. 

4  The  Detector 

The  detector  was  designed  for  operation  at  very  low 
rep-rate.  It  consists  of  a  0.25  cm  wide  by  4  cm  long  strip 
of  silicon  biased  to  approximately  500  Volts.  The  strip  is 
segmented  every  0.1  cm  to  form  40  0.25x0.1  cm  sections 
orentiated  transverse  to  the  detected  beam  as  indicated  in 
figure  5.  The  strip  is  250  urn  (  0.025  cm)  thick  and  is  p« 
doped  on  front  and  n-doped  on  back  to  form  a  PIN  array. 
Energy  deposited  in  the  detector  from  the  scattered  beam 
creates  electron  hole  pairs  in  the  silicon  which  are  swept 
out  by  the  bias  voltage.  Calculations  suggest  that  a  current 
gain  greater  than  10,000  should  be  expected.  The  time 
response  of  the  detector  is  predicted  [4]  to  be  approxi¬ 
mately  10  nsec. 

5  Signal  Strength 

The  point  design  has  tended  to  maximize  the  ampli¬ 
tude  of  the  detector  signal  under  the  philosophy  that  too 
much  signal  is  better  than  too  little.  Calculations  suggest 
that  the  signal  voltage  could  be  several  hundred  volts, 
which  is  much  more  than  adequate,  and  more  than  the 
PIN  detector  could  provide.  An  aperture  in  front  of  the 
magnet  was  included  to  provide  a  simple  way  of  reducing 
the  signal  if  required.  Using  a  smaller  scattering  wire 
and/or  switching  to  carbon  would  also  be  very  effective  in 
lowering  signal  strength.  Notice  that  all  these  strategies 
would  improve  the  resolution  of  the  instrument  and  car¬ 
bon  would  survive  much  better. 

6  Shielding 

The  PIN  detector  is  sensitive  to  both  the  scattered 
electrons  and  the  x-ray  background  so  shielding  will  be 
required.  The  detector  is  located  just  in  from  of  the  shut¬ 
tle  dump  but  its  view  of  the  dump  is  partially  occluded  by 
a  large  focus  magnet.  Initial  scooping  shielding  calcula¬ 
tions  suggest  that  the  unshielded  x-ray  signal  will  be 
approximately  equal  to  the  detector  signal.  Thus  it 
appears  that  the  detector  must  be  housed  in  a  shield- 
enclosure  that  reduces 


the  background  x-ray  intensity  by  2-3  orders.  Some  actual 
measurements  of  the  background  x-ray  flux  on  FXR  have 
indicated  taht  the  x-ray  background  may  not  be  as  serious 
a  problem  as  first  thought 

7  Calibration 

We  estimate  that  a  determination  of  the  absolute 
energy  the  DARHT-U  beam  accurate  to  perhaps  1%  can 
be  obtained  from  knowledge  of  the  parameters  of  the  ana¬ 
lyzer  and  a  measurement  of  the  bending  magnetic  field.  If 
a  more  accurate  measurement  of  the  beam  energy  is 
required,  the  analyzer  could  be  calibrated  using  a  known 
beam. 

The  instrument  will  first  be  mounted  on  ETA  D  to 
test  the  DARHT  analyzer  with  an  actual  electron  beam 
prior  to  deployment  on  DARHT.  Calculations  suggest 
that  because  of  the  lower  ETA  II  energy,  a  10  mil  carbon 
wire  will  generate  approximately  the  same  detected  signal 
as  a  40  mil  wire  used  with  DARHT  II. 


Figure  1)  Nominal  beamline  extending  from  the  exit  of 
the  accelerator  to  the  x-ray  target.  The  energy  analyzer 
scattering  wire  will  be  located  at  52.5  meters  and  is  shown 
here  as  the  line  intersecting  the  beam. 
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Figure  2)  Magnets  leading  up  to  the  scattering  wire  are 
turned  off  so  the  beam  expands  to  reduce  the  current  den¬ 
sity  on  the  wire  shown  here  as  the  line  intersecting  the 
beam.  Dashed  line  the  beam  profile  with  magnets  on. 


Figure  3)  Overall  layout  of  the  energy  analyzer  compo¬ 
nents.  Intensity  aperture,  dipole  magnet,  and  PIN  detec¬ 
tor.  The  scattering  wire  is  off  scale  to  the  left. 


Figure  4)  The  available  aperture  varies  along  the  path 
leading  to  the  PIN  detector.  The  scattered  beam  passing 
through  the  limiting  aperture  almost  fills  the  available  gap 
of  the  magnet. 


Figure  5)  Beam  super-imposed  on  the  detector  showing 
the  50%  and  10%  amplitude  foot  print.  The  detector  has  a 
0. 1  cm  bin  size  and  covers  a  I  by  4  cm  area.  The  beam 
hard  edge  half  size  is  0.287  by  1.07  cm,  at  the  50%  ampli¬ 
tude  the  full  size  is  approximately  the  detector  bin  size. 


Apnatuie  1 .0  rm  durn^rr 


Figure  6)  Effect  of  the  collimating  aperture  on  the  beam 
intensity  at  the  detector.  Above,  1.0  cm  diameter  aperture 
with  intensity  Ulo  ~  1.74  x  I0"5  P{0)  ,  below,  0.1  cm 
diameter  aperture  with  intensity  Ulo  =  1.74  x  10“7  P(&)  . 
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Abstract 

A  Smith -Purcell  radiation  diagnostic  to  measure  the  mi¬ 
cro  bunch  length  of  a  20MeV,  17  GHz  electron  bunch  train 
is  being  implemented  at  MIT.  The  bunch  length  can  be 
determined  by  measuring  the  frequency  and  angular  distri¬ 
bution  of  the  emitted  radiation.  The  beam  is  produced  by 
a  17  GHz,  50  MeV/m  traveling  wave  accelerator  built  by 
Haimson  Research  Corporation  (HRC).  The  high  operat¬ 
ing  frequency  of  this  accelerator  allows  for  the  production 
of  ultra-short  bunches  of  about  ISO  femtoseconds.  At  this 
time  we  are  assembling  the  experiment  and  we  will  present 
an  update  on  the  progress. 


1  INTRODUCTION 

The  HRC  accelerator  system  consists  of  a  chopper- 
prebuncher  injector,  and  a  quasi-constant  traveling  wave 
disc  loaded  accelerating  structure  consisting  of  94  cavities 
that  operate  in  the  ^  mode[l],  [2].  The  accelerator  has 
achieved  a  beam  energy  of  17  MeV  at  100mA.  Simula¬ 
tions  [1]  indicate  that  the  phase  spread  at  the  exit  of  the  ac¬ 
celerator  should  be  about  1°,  or  a  bunch  length  of  ~  180  fs. 
Conventional  methods  for  measuring  bunch  length  consist 
of  using  streak  cameras  or  RF  deflecting  structures.  While 
streak  cameras  have  been  shown  to  work  down  to  ~  200 
fs,  the  bunch  length  of  the  HRC  accelerator  is  at  the  op¬ 
erating  limit.  Additionally,  streak  cameras  are  expensive 
and  the  measurement  process  is  destructive.  HRC  is  build¬ 
ing  an  experiment,  in  parallel  with  the  Smith  Purcell  ex¬ 
periment,  to  use  an  RF  defecting  structure  to  measure  the 
bunch  length[5],  however,  this  technique  also  has  the  dis¬ 
advantage  of  being  destructive. 

Two  techniques  have  been  developed  that  utilize  lasers 
to  measure  the  bunch  length:  X-ray  generation  through 
Compton  scattering  and  an  electro-optic  technique.  The 
Compton  scattering  method  requires  a  TeraWatt  laser  and 
a  high  charge  electron  beam  in  order  to  produce  enough 
x-rays.  The  electro-optic  technique  requires  the  laser  and 
electron  bunch  to  be  properly  phased  together.  Both  of 
these  methods  would  require  a  substantial  upgrade  to  the 
laser  system  currently  in  operation  at  MIT. 

Several  coherent  radiation  techniques  have  been  em¬ 
ployed  to  measure  bunch  lengths,  including  transition  ra¬ 
diation,  diffraction  radiation  and  Smith  Purcell  radiation. 
These  techniques  all  exhibit  qualitively  similar  angular  dis¬ 
tributions  of  radiated  power  and  have  the  feature  that  the 
radiation  intensity  scales  as  the  square  of  the  number  of 
particles.  However,  Smith  Purcell  radiation  has  the  further 


X 


y 
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Figure  1:  Schematic  of  an  electron  bunch,  q,  passing  over 
a  grating  of  period  1,  with  an  impact  parameter  b. 


advantage  over  the  other  two  coherent  radiation  methods  in 
that  the  intensity  of  radiation  scales  as  the  number  of  grat¬ 
ing  periods.  In  addition,  the  Smith  Purcell  diagnostic  is 
non-interfering  and  non-destructive.  Using  Smith  Purcell 
radation  as  a  bunch  length  was  £rst  proposed  by  Nguyen [3] 
and  demonstrated  by  Doucas[4].  The  experiment  by  Dou- 
cas  at  Frascati  was  performed  on  a  beam  that  was  14  ps  and 
the  wavelength  of  the  measured  radiation  was  0.65  mm  to 
4  mm. 


2  SMITH-PURCELL  RADIATION 
DIAGNOSTIC 

An  electron  passing  close  to  the  surface  of  a  metal 
diffraction  grating  as  in  Figure  1  emits  Smith-Purcell  ra¬ 
diation  at  a  wavelength  An  given  by 

An  =  l(l-e°s0)  (1) 

where  l  is  the  grating  period,  6  is  the  emission  angle  with 
respect  to  the  propagation  direction,  n  is  the  diffraction  or¬ 
der,  and  P  is  the  velocity  of  the  electron  bunch.  The  angu¬ 
lar  distribution  of  power  radiated  by  the  electrons  is  given 
by  [6] 


dP  eln2p3 
dfi  9  2  le„ 
sin2  6 

{1-0  cos  fff 


(l  +  JVee-feV!cos2(’)  x 

Rl  exp  ( - 

\  7/(1  —  pcosO) ) 


(2) 
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Figure  2:  Plot  of  radiated  power  as  a  function  of  angle  for 
three  different  bunch  lengths  (100  fs,  200  fs  and  300fs). 


where  Ng  is  the  number  of  grating  strips,  I  is  the  beam  cur¬ 
rent,  Ne  is  the  number  of  electrons  in  the  bunch,  eQ  is  the 
permittivity  of  free  space,  b  is  the  height  of  the  bunch  above 

the  grating  surface,  7  is  the  relativistic  factor  (l  —  /?2)  , 

k  is  the  wave  vector,  a  is  the  bunch  length,  and  R2n  is  the 
grating  ef£ciency  factor. 

For  radiation  at  wavelengths  shorter  than  the  bunch 
length  the  radiation  is  incoherent.  However,  at  wavelengths 
longer  than  the  bunch  length  the  radiation  is  coherent  and 
the  temporal  coherence  of  the  electron  bunch  enhances  the 
intensity  of  the  radiation.  In  general,  the  coherence  term  is 
(1  +  NeF ),  where  F  is  the  form  factor  given  by  the  Fourier 
transform  of  the  bunch  distribution.  For  Equation  2  a  Gaus¬ 
sian  distribution  has  been  assumed  giving  a  coherence  term 
(l  +  Nee-^^  ^  ey 

The  estimated  bunch  length  for  the  HRC  accelerator  is 
180  femtoseconds  or  55  fim.  In  Figure  2  equation  2  is  plot¬ 
ted  as  a  function  of  angle  for  three  different  bunch  lengths 
(100  fs,  200  fs,  and  300  fs)  and  for  b  =  0.5  mm,  7  —  35, 
l  =  2.1  mm,  Ne  =  1.2xl08,  Ng  =  50,  and  |n|  =  1. 
The  bunch  length  diagnostic  involves  measuring  the  angu¬ 
lar  distribution  of  the  radiation  to  determine  the  length  of 
the  pulse. 

3  EXPERIMENTAL  SETUP 

3. 1  HRC  Accelerator 

The  HRC  accelerator  is  powered  by  a  relativistic 
klystron  which  has  produced  powers  up  to  26  MW  with 
a  saturated  gain  of  67  dB[7].  The  linac  consists  of  a 
DC  thermionic  gun,  a  chopper-prebuncher  injector,  and 
a  quasi-constant  accelerating  structure  consisting  of  94- 
cavities  that  operate  in  the  ~  mode.  The  electron  bunches 
produced  by  the  injector  are  designed  to  be  accelerated  by 
the  linac  to  energies  of  25  MeV.  Initial  operation  of  the 
accelerator  with  injected  RF  power  up  to  10  MW  produced 


Figure  3:  Schematic  of  the  Smith  Purcell  experimental 
beamline 


Figure  4:  Schematic  of  the  Smith  Purcell  experimental  vac¬ 
uum  chamber 


beam  energies  up  to  17.5  MeV  with  up  to  100  mA  of  trans¬ 
mitted  beam  current.  The  accelerator  is  currently  being 
commissioned  to  full  operating  parameters. 

A  schematic  of  the  accelerator  beamline  with  the  Smith 
Purcell  experiment  vacuum  chamber  is  shown  in  Figure  3. 
The  Smith  Purcell  experiment  will  be  placed  ~  1  meter 
downstream  from  the  exit  of  the  linac.  to  allow  for  the  use 
of  a  focusing  solenoid  and  steering  coils. 

3.2  Smith  Purcell  Diagnostic 

A  schematic  of  the  Smith  Purcell  diagnostic  vacuum 
chamber  is  shown  in  Figure  4  .  The  essential  components 
of  the  diagnostic  include  the  grating,  a  mirror  to  capture 
and  focus  the  radiation,  a  window  through  which  the  ra¬ 
diation  passes  out  of  the  vacuum  chamber  and  a  detector. 
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The  grating  parameters  have  been  optimized  for  the  HRC 
electron  beam  using  the  procedure  in  [8]  for  an  echelle  grat¬ 
ing.  The  grating  parameters  include:  a  period  of  2.1  mm,  a 
blaze  angle  of  10°,  and  a  length  of  10  cm  (Ng  =  47).  The 
radiation  is  collected  by  a  mirror  with  a  radius  of  48.89  cm 
and  is  designed  to  collect  radiation  emitted  between  the  an¬ 
gles  15°  and  40°  and  redirect  it  out  a  10  cm  window.  Both 
pyroelectric  and  bolometer  detectors  will  be  implemented 
to  measure  the  radiation.  The  experimental  chamber  has 
been  baked  out  and  will  shortly  be  installed  on  the  acceler¬ 
ator  beamline. 


relativistic  klystron  for  high  gradient  accelerator  research”. 
Pulsed  RF  Sources  for  Linear  Colliders.  Montauk,  NY,  1994 

[8]  S.  H.  Trotz,  J.H.  Brownell,  J.E.  Walsh,  G.  Doucas,  ’’Opti¬ 
mization  of  Smith  Purcell  Radiation  at  very  high  energies”, 
Phys.  Rev.  E,  Vol  6 1 ,  (2000),  pp.  7057-7064. 


4  CONCLUSIONS 

The  17  GHz  traveling  wave  disc  loaded  structure  has 
demonstrated  a  beam  energy  of  17  MeV  at  100  mA  cur¬ 
rent.  To  our  knowledge  this  is  the  highest  frequency  stand 
alone  accelerator  in  the  world.  A  Smith-Purcell  radiation 
diagnostic  to  measure  the  bunch  length  of  the  HRC  acceler¬ 
ator  is  currently  being  implemented.  The  estimated  bunch 
length  of  the  accelerator  is  ~  180  fs  which  should  produce 
coherent  radiation  in  the  THz  regime.  The  Smith  Purcell 
experimental  chamber  is  currently  being  installed  on  the 
accelerator  beamline  and  operation  will  commence  shortly. 
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Abstract 

A  100-MeV  high-intensity  (20  mA  CW)  proton  linac  is 
being  built  in  the  KAERI  (Korea  Atomic  Energy 
Reserach  Institute),  Korea.  Beam  diagnostic  system  for 
the  machine  require  to  include  BCMs  (Beam  Current 
Monitors),  BPPMs  (Beam  Position  and  Phase  Monitors), 
and  other  devices.  BCMs  are  of  special  importance  for 
high-intensity  proton  linacs,  since  the  control  of  beam 
loss  is  critical.  They  should  have  high  stability  and 
resolution  better  than  5E-4.  BPPMs  are  for  measuring 
beam  position  and  phase  (w.r.t  RF)  simultaneously,  that 
are  crucial  for  the  successful  commissioning  and 
operation  of  the  accelerator.  All  diagnostic  devices  are 
required  to  operate  both  in  CW  and  pulsed  (several  ms) 
modes.  Pulsed  mode  operation  is  useful  when  machine 
tuning  and  commissioning.  In  this  article,  we  report  the 
developmental  status  of  beam  diagnostic  devices  for  the 
KOMAC  accelerator,  with  detailed  description  on  the 
BPPMPU  design. 

1  INTRODUCTION 

The  KOMAC  (KOrea  Multi-purpose  Accelerator 
Complex)  is  one  of  HPPAs  (High-Power  Proton 
Accelerators)  which  are  under  construction  at  the  KAERI 
(Korea  Atomic  Energy  Research  Institute),  Korea.  It  aims 
to  generate  100-MeV  proton  beams  at  the  beam  current  of 
20  mA,  CW.  Refer  to  Table  1  for  the  major  beam 
parameters  of  the  KOMAC  accelerator. 


Table  1 :  Beam  parameters  of  KOMAC  accelerator 


Operation  Modes 

Remark 

CW 

Pulse 

Beam  Energy 

100  MeV 

_ _ p 

0.43 

_ i 

1.107 

Beam  Current 

- - 

20  mA 

max. 

20  mA 
peak 

Pulse  Width 

NA 

2  ms 

Bunch  Length 

160  ps 

PARMILA 

Simulation 

Bunching 

Frequency 

350  MHz 

The  beginning  parts  of  HPPAs  includes  ion  sources, 
RFQs  and  DTLs  which  are  complex  and  have  tight 
installation  spaces.  This  is  especially  true  for  diagnostic 
devices,  and  their  design  and  installation  often  become 
designer’s  “nightmare.”  Meanwhile,  diagnostics  including 
BPMs  and  CTs  are  very  important  for  successful 
commissioning  and  operation  of  the  accelerators.  Hence, 
their  implementation  should  be  considered  from  the  early 
stage  of  the  accelerator  design.  Successful  compromise 
between  the  two  conflicting  side  is  possible  when  the 
diagnostic  devices  can  be  made  compact  without 
sacrificing  their  performances.  Compact  devices  are  easy 
to  handle,  economical,  and  generally  have  better  high- 
frequency  characteristics.  Modem  beam  diagnostic 
devices  are  far  more  compact  than  their  ancestors.  For 
example,  some  CTs  from  the  Bergoz  Instrumentations  are 
now  integrated  with  CF  flanges  and  their  total  length 
(axial)  can  be  made  as  small  as  30  mm.  Majority  of  BPM 
PUs  (Pick-Ups)  for  proton  accelerators  are  still  striplines 
that  yield  well  defined  response  even  for  low-intensity 
beams.  But  their  sizes  are  still  too  big  to  be  installed  in 
the  narrow  front-ends  the  accelerator.  For  example,  the 
axial  length  of  the  striplines  for  the  SNS  (Spallation 
Neutron  Source,  USA)  linac  exceeds  100  mm,  even  if 
they  are  installed  in  the  vacuum.  Button-type  capacitive 
PUs  have  been  simple  and  reliable,  but  their  application 
to  the  proton  machines  has  been  limited  because  of  their 
insufficient  response  to  low-intensity  beams.  Modem 
HPPAs  such  as  the  KOMAC  are  designed  to  have  very 
high  beam  intensities,  so  that  even  the  buttons  could 
generate  enough  signals  for  precision  beam  position 
measurements.  In  this  regards,  we  have  chosen  the 
button-type  PU  for  use  in  the  KOMAC  accelerator.  One 
of  the  disadvantages  of  the  buttons  is  that,  it  is  difficult  to 
predict  the  PU  sensitivity  using  analytic  formulas.  In  fact, 
the  PU  sensitivity  for  low-beta  beams  can  not  be 
practically  determined  even  by  experimental  methods, 
due  to  the  difficulty  of  simulating  electromagnetic  fields 
from  the  low-beta  beams.  We  have  decided  to  utilize  the 
computer  code  for  determining  the  sensitivity  of  the 
button-type  PU.  We  have  chosen  the  MAGIC  code  which 
is  a  kind  of  the  PIC  (Particle-In-Cell)  code  and  can  treat 
the  particle  and  electromagnetic  system  in  the  full  three 
dimensional  manner. 
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2  DESIGN  OF  BPPM  PU 

The  theoretical  estimation  of  the  sensitivity  of  stripline 
PU  was  established  by  R.  E.  Shafer.[1]  It  is  basically  2D 
theory  and  can  not  be  used  for  designing  the  button-type 
PUs  which  are  3D  features.  There  are  commercial 
electromagnetic  codes  that  can  simulate  3D  geometries, 
including  the  MAFIA  T3.  But  the  MAFIA  T3  can  handle 
only  ultra-relativistic  particles  and  can  not  be  applied  to 
low-beta  beams.  (The  port  boundary  of  the  MAFIA  T3 
can  accept  only  TEM  mode  whose  phase  velocity  is  equal 
to  that  of  the  light.  And  low-beta  beams  generate  fields 
that  are  not  in  the  simple  TEM  mode.)  Limitations  of  the 
Shafer’s  theory  and  the  MAFIA  code  have  led  us  to 
consider  on  using  the  MAGIC  code.  It  is  versatile  and  can 
handle  arbitrary  combinations  of  particle  beams  and 
electromagnetic  structures. 

Fig.  1  shows  the  3D  model  of  the  button  PU  for  the 
MAGIC  simulation  and  its  cross-sectional  view  in  the 
transverse  plane.  In  the  left  figure  of  Fig.  1,  proton 
bunches  travel  left-to-right  direction.  Beam  signals  are 
coupled  to  the  four  buttons  that  are  installed  around  the 
circumference  of  the  beam  pipe.  Buttons  are  connected  to 
50-ohm  coaxial  lines  whose  dimensions  are  different  from 
those  of  usual  fabrication.  This  simplified  the  simulation 
geometry  without  sacrificing  reliability  of  the  simulation. 


.to. 


Figure  1 :  Modelling  of  button-type  PU  for  MAGIC 
simulation.  Left  figure:  3D  model,  Right  figure:  Cross- 
sectional  view.  Dot  inside  beam  pipe  in  right  figure 
indicates  proton  beam.  Diameter  of  beam  pipe  is  20  mm. 

Default  beam  parameters  used  in  the  simulation  are 
shown  in  Table  2.  The  left  figure  of  Fig.  2  is  the  voltage 
waveform  developed  between  the  inner  and  outer 
conductors  of  the  coaxial  line.  As  expected,  they  are 
considerably  longer  than  the  beam  bunch  length,  which  is 
due  to  the  axial  extension  of  fields  from  the  low-beta 
beams,  (p  =  0.08  for  E  =  3  MeV)  With  increasing  the 
beam  energy,  beam  fields  concentrate  in  the  transverse 
plane,  and  the  pulse  widths  of  signals  coupled  to  buttons 
are  shortened  approaching  that  of  charge  distribution  in 
the  beam.  This  is  shown  in  the  right  figure  of  Fig.  2  which 
is  the  signal  waveform  for  the  beam  energy  of  100  MeV. 


Table  2:  Default  beam  parameters  used  in 
_ MAGIC  simulation. 


Beam  Energy 

3  MeV 

Avera  ge  (Peak)  Beam  Current 

20  (570)  mA 

B  unching  Frequency 

350  MHz 

Bunch  Length 

43  ps  rms 

Figure  2:  Waveforms  of  voltage  signal  developed  at  the 
end  of  one  of  coaxial  lines  for  beam  energies  of  3  MeV 
(left)  and  100  MeV  (right). 

The  dependence  of  the  PU  sensitivity  on  the  beam  energy 
was  simulated  with  result  shown  in  Fig.  3.  As  expected 
from  the  Shafer’s  theory,  the  sensitivity  increases 
dramatically  with  decreasing  the  beam  energy.  It  also 
increases  with  increasing  frequency  at  low  energies  but 
converge  to  the  same  value  at  high  energies. 


Figure  3:  Dependence  of  PU  sensitivity  on  beam  energy. 


Sensitivity  of  the  PU  to  beam  position  change  was 
simulated  by  moving  the  beam  in  the  transverse  plane  in 
the  step  of  1  mm.  The  sensitivity  map  was  obtained  by 
plotting  the  delta-over-sum  values  of  band-pass  filtered 
voltage  signals  appearing  at  the  ends  of  the  coaxial  lines. 
The  center  frequencies  and  bandwidth  of  the  band-pass 
filter  were  350  or  700  MHz  and  20  MHz  respectively.  See 
Fig.  4  for  the  sensitivity  maps  for  the  frequencies  of  350 
and  700  MHz. 
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Figure  4:  Sensitivity  map  of  button  PU  at  the  frequencies 
of  350  and  700  MHz.  Beam  pipe  diameter  =  20  mm. 
Button  diameter  =12  mm.  Beam  energy  and  beta  are  3 
MeV  and  0.08  respectively. 


Note  that  the  sensitivity  for  700  MHz  was  about  7.5% 
larger  than  that  of  the  350  MHz. 
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In  order  to  confirm  the  validity  of  the  MAGIC 
simulation,  we  have  simulated  the  BPM  PU  of  the  PLS 
(Pohang  Light  Source).  The  PU  consists  of  four  buttons 
with  9.5-mm  diameter  installed  in  vacuum  chamber  that 
has  diamond-like  cross  section.  Table  3  compares  some  of 
simulation  results  with  experimental  measurements. 
Beam  parameters  used  in  the  simulation  are;  Beam  energy 
=  2.5  GeV,  Average  (Peak)  current  =  200  (1600)  mA, 
Bunching  frequency  =  500  MHz,  Bunch  length  =  26  ps. 
The  measured  signal  amplitude  may  contain  substantial 
errors  due  to  our  rough  estimation  of  the  cable  attenuation 
for  the  wide-band  pulses.  Simulated  sensitivity  values 
needs  further  refinement  with  finer  meshes. 


Table  3:  Comparison  between  MAGIC  simulation  and 
experimental  measurement  results  of  PLS  BPM  PU. 


Simulation 

Measurement 

Signal  Amplitude  (V) 

5.5 

3 

On-center 
Sensitivity  (%/mm) 

X 

6.6 

6.15 

Y 

7.7 

6.13 

The  fabrication  of  the  PU  that  consists  of  buttons, 
coaxial  feedthroughs,  and  vacuum  chamber  is  in  progress 
at  the  Hitachi  Electronics  in  Japan.  A  sample  PU  that  is 
composed  of  one  button  +  feedthrough  and  vacuum 
chamber  will  be  fabricated  by  the  company  and  its 
electrical  performance  will  be  tested  in  the  Pohang 
Accelerator  Laboratory. 

3  BPPM  ELECTRONICS 

The  signal  processing  electronics  should  provide  both 
CW  and  pulsed  measurement  of  beam  position  and  phase 
for  the  beam  current  ranging  from  0.2  to  20  mA  (40-dB 
dynamic  range).  Resolution  and  stability  are  required  to 
be  better  than  50  pm.'  For  this,  the  LR  (Log-Ratio) 
electronics  would  be  the  best  choice  since  it  has  large 
acquisition  bandwidth  (>  5  MHz)  and  reasonable  dynamic 
range  (50  dB).[21  Resolution  performance  is  rather 
marginal  (~50  pm  at  20-mmcp  Beam  pipe)  but  can  be 
improved  by  the  averaging  multiple  samples.  Commercial 
LR  electronics  is  already  available  from  Bergoz 
Instrumentation  at  reasonable  price.  Phase  measurement 
circuit  could  be  fabricated  in  house,  or  custom-ordered 
from  the  company  to  make  it  integrated  into  the  existing 
LR  electronics  avoiding  the  necessity  of  expensive 
connectors  and  cables. 

4  BCM  DEVELOPMENT 

Efforts  for  developing  BCM  hardware  will  be  saved  by 
collaborating  with  companies  including  the  Bergoz 
Instrumentation.  In  order  to  make  BCMs  highly  stable 


and  immune  to  bunch-length  changes,  it  is  recommended 
to  limit  the  measurement  bandwidth  by  tuning  the  current 
monitor  to  a  specific  frequency  among  various  spectral 
contents  in  the  beams.  This  can  be  realized  by  providing 
small  capacitance,  C  in  the  winding  of  high-permeability 
core,  which  will  oscillate  at  the  frequency  determined  by 
the  formula  f  =  \/27r^LC  where,  L  is  the  leakage 
inductance  of  the  winding.131  By  adjusting  the  value  of  C, 
the  oscillation  can  be  tuned  to  a  specific  harmonic  (e.g., 
350  MHz)  among  the  beam  spectrum.  The  oscillation 
should  be  made  low  Q  to  avoid  excessive  or  erratic 
responses.  Prototype  BCMs  based  on  the  above  operating 
principle  (Tuned-CT)  are  under  fabrication  in  the 
company  and  their  performance  will  be  tested  at  the 
KOMAC  accelerator. 

5  CONCULSION 

We  conclude  this  article  with  the  following  summarizing 
remarks: 

1.  A  button-type  PU  for  use  in  the  KOMAC  (Korea 
Multi-purpose  Accelerator  Complex)  accelerator  was 
designed  utilizing  the  MAGIC  code. 

2.  Dependence  of  the  PU  sensitivity  on  the  beam 
energy  and  the  frequency  well  corresponded  to  the 
theoretical  predictions. 

3.  Simulation  results  of  the  PLS  (Pohang  Light  Source) 
electron  BPM  PU  reasonably  agreed  to  the 
experimental  measurements. 

4.  “Tuned-CT”  for  measuring  beam  currents  with  high 
stability  (5E-4)  is  under  development  with  the 
collaboration  with  the  Bergoz  Instrumentation. 
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Abstract 

The  novel  Gas  Scattering  Energy  Spectrometer  on  the 
ISIS  RFQ  Test  Stand  at  the  Rutherford  Appleton 
Laboratory  (Oxfordshire,  UK)  has  been  used  to  measure 
the  energy  spectrum  of  the  -665  keV  H"  beam  from  a 
four-rod  RFQ  as  a  function  of  RF  drive  power.  Since 
EPAC’02  changes  have  been  made  to  the  experimental 
arrangement,  which  markedly  improve  the  quality  of  the 
results  that  can  be  obtained.  These  new  results  are 
reported. 

1  THE  APPARATUS 

The  purpose  of  the  Gas  Scattering  Energy  Spectrometer 
(GSES)  is  to  confirm  the  mean  energy  and  energy  spread 
of  the  nominal  665  keV  beam  from  the  ISIS  RFQ.  This 
RFQ,  after  comprehensive  testing,  is  intended  to  replace 
the  existing  Cockcroft-Walton  pre-injector  on  the  ISIS 
spallation  neutron  source  at  the  Rutherford  Appleton 
Laboratory  (RAL).  The  four-rod  RFQ  performs  well,  and 
is  able  to  transport  more  than  its  design  current  of  30  mA 
at  less  than  its  nominal  design  RF  power  of  210  kW. 

A  more  detailed  description  of  the  design  process  for 
the  apparatus  used  can  be  found  at  [1],  Its  basis  is  a  set  of 
two  cascaded  assemblies  each  consisting  of  a  130  mm 
long  gas  scattering  cell,  a  0.5  m  drift  length  and  three 
small  (~0.2  mm  diameter)  apertures,  which  together 
reduce  the  peak  intensity  of  the  beam  current  sufficiently 
to  allow  a  semiconductor  charged  particle  detector  [2]  to 
be  used  to  detect  individual  H"  ions  and  measure  their 
energies.  The  total  drift  length  between  RFQ  exit  and 
detector  is  -6  m.  Xenon  gas  (at  low  pressure)  is  used  to 
scatter  the  H  beam  because  the  higher  the  atomic  number 
of  the  scatterer  the  lower  is  the  energy  loss  for  a  given 
mean  multiple  scattering  angle.  The  energy  loss  caused  by 
the  xenon  is  calculated  for  the  relevant  scattering 
thicknesses  used  and  is  added  back  in  as  a  small 
correction  to  the  measured  energies. 

The  particle  detector  used  was  an  Ortec®  BA-025-025- 
1500  silicon  surface  barrier  detector  with  an  active  area  of 
25  mm2  and  a  depletion  depth  of  1.5  mm,  and  was 
operated  at  a  bias  voltage  of  186  V.  Signals  from  the 
detector  pass  first  through  an  EG&G  Ortec®  [2]  Model 
1421H  pre-amplifier  and  then  into  a  Canberra®  Model 
2020  spectroscopy  amplifier  with  1  ps  pulse  shaping.  The 
bipolar  output  from  the  amplifier  is  passed  into  a  TRUMP 
PCI-8k  multi-channel  analyser  PC  card.  Ortec®  Maestro- 
32  spectrum  analysis  software  is  used  to  visualise  and 
analyse  the  resultant  spectra.  Before  taking  a 
measurement  the  system  is  calibrated  by  fitting  gaussians 
to  the  624  and  656  keV  lines  from  a  2kBq  Cs-137 


conversion  electron  source  which  is  installed  in  the 
detector  box  on  a  movable  arm.  After  calibration  the  bias 
voltage  is  never  changed. 

In  the  present  measurements  the  X-ray  background  has 
been  greatly  reduced.  In  the  previous  measurements 
reported  in  [3],  X-rays  produced  between  the  rods  within 
the  RFQ  vessel  were  able  to  reach  the  surface  barrier  H" 
particle  detector  by  propagating  down  the  beam  pipe,  and 
the  addition  of  the  resultant  noise  to  the  H"  pulses  from 
the  particle  detector  had  the  effect  of  broadening  the 
measured  energy  spectrum.  In  the  present  measurements  a 
4mm  thick  tantalum  disc  was  introduced  to  attenuate  the 
X-rays  (maximum  photon  energy  90  keV  corresponding 
to  the  peak-to-peak  rod-to-rod  RF  voltage  of  90  kV).  A 
hole  of  0.5  mm  diameter,  the  minimum  diameter 
practicable,  was  drilled  through  the  tantalum  disc,  and  the 
tantalum  disc  was  then  glued  to  the  front  of  the 
aluminium  disc  in  the  final  bellows  before  the  diagnostic 
box  so  that  the  hole  in  the  tantalum  disc  lined  up  with  the 
-0.2  mm  diameter  hole  in  the  aluminium  disc.  Although  a 
thickness  of  4  mm  of  tantalum  is  able  to  block  effectively 
all  the  X-rays  [4]  some  are  still  able  to  reach  the  detector 
through  the  central  hole,  but  overall  the  X-ray  flux  on  the 
detector  is  reduced  by  a  factor  -250. 

A  further  improvement  made  in  the  present 
experimental  system  was  the  application  of  a  285  ps 
gating  pulse  to  the  multi-channel  analyser  to  eliminate 
interference  spikes  at  the  beginnings  and  ends  of  the 


Fig.  1:  The  new  tantalum  disc  attached  to  the 
aperture  plate 
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pulses  of  RF  driving  the  RFQ.  Conversion  electron 
calibration  runs  were  performed  while  gating  only  during 
the  RF  pulse,  and  the  standard  deviations  of  the  two 
caesium  peaks  measured  as  4.7±0.4  keV  compared  with 
5.1  ±0.1  keV  gating  outside  the  RF.  Therefore  there  seems 
to  be  no  significant  residual  widening  effect  from  the  X- 
rays. 

2  DATA  ANALYSIS 

The  measured  spectra  of  energies  of  H  particles  from 
the  RFQ  should  be  corrected  for  the  following  effects: 
background,  energy  losses  in  the  xenon  gas,  energy 
straggling  in  the  xenon  gas,  and  finite  resolution  of  the 
surface  barrier  detector. 

Background  was  first  removed  from  the  present 
measurements  by  subtracting  from  the  H"  spectrum 
channels  the  average  value  of  400  channels  well  above 
the  FT  peak  in  energy.  Next,  three  sets  of  cubic  splines 
were  fitted  to  the  data  to  represent  plausibly  smoothly  the 
data  and  ±2o  error  limits.  The  resolution  function  of  the 
surface  barrier  detector  (given  by  the  shape  of  the  Cs-137 
conversion  electron  lines  as  described  above)  was  then 
deconvolved  from  the  data  by  taking  the  best  fit  spline 
set,  convoluting  it  with  a  gaussian  of  standard  deviation 
5.1  keV  representing  the  resolution  function  (FWHM 
12.0  keV)  of  the  surface  barrier  detector,  and  adjusting 
the  height  of  each  channel  until  the  convolution  of  the 
resolution  function  and  the  corrected  spectrum  function 
best  fitted  the  measured  spectrum  data.  Then  the  energy 
loss  of  the  H"  particles  in  the  xenon,  only  -1.8  keV  for  the 
gas  pressures  typically  used,  was  added  back  on  the  basis 
of  polynomial  interpolation  amongst  tabulated  values  of 
proton  stopping  power  in  xenon  as  a  function  of  proton 
energy  [5].  The  energy  straggling  in  the  xenon  [6]  was 
estimated  at  typically  only  2x1  O'2  keV,  and  so  was 
neglected.  Finally,  from  the  corrected  spectra  of  H~ 
particles  from  the  RFQ  were  calculated  mean  energies 
and  RMS  widths,  both  for  spectra  truncated  at  energies 
corresponding  to  the  full  width  tenth  maximum  points  and 
for  the  entire  spectra  (including  the  asymmetric  low  and 
high  energy  tails).  The  mean  energies  for  the  whole 
distributions  were  consistently  lower  than  those  for  the 
truncated  distributions  (Fig  3.).  This  confirms  the 
previous  finding  that  the  low  energy  tail  is  larger  than  the 
high  energy  one. 

The  corrected  measured  results  have  been  compared 
with  computational  particle  tracking  simulations  of  the 
RFQ.  Performing  this  comparison  is  useful  both  to  verify 
the  RFQ  codes  and  to  confirm  that  the  RFQ  is  performing 
as  expected/predicted.  Due  to  the  long  drift  length 
between  RFQ  and  detector,  and  the  high  space  charge 
forces  in  the  RFQ  bunches,  the  beam  has  completely 
debunched  by  the  time  it  reaches  the  detector.  The  high 
space  charge  also  affects  the  energy  spectrum  of  the 
beam,  widening  the  energy  spread.  Therefore,  in  order  to 
compare  like  with  like,  the  measured  and  simulated 
energies  and  widths  are  compared  at  the  position  of  the 
detector. 


One  effect  not  included  in  the  calculation  above  is  that 
of  stripping  of  H  ions  in  xenon.  It  has  been  previously 
calculated  that  at  the  pressures  used  in  this  experiment, 
almost  all  the  H  ions  should  be  stripped  to  H+.  Therefore 
the  two  electrons  will  carry  off  some  small  fraction  of  the 
H~  particles’  energy.  This  fraction  may  be  ~2*meC2/  mpc2, 
i.e.  -1/918.  Assuming  a  mean  energy  of  665  keV,  this 
effect  would  add  at  most  0.72  keV  to  the  energies  quoted 
below  for  protons. 

3  RESULTS  AND  DISCUSSION 

The  following  graphs  summarise  some  of  the  results 
obtained  in  the  experiments  reported  above: 

Figure  2  shows  one  example  of  the  spectra  obtained.  The 
blue  curve  represents  the  original  raw  data.  The  red  curve 
represents  the  same  data  after  correction  for  energy  loss  in 
the  xenon,  detector  resolution  and  background. 


Fig.  2:  Raw  and  corrected  spectrum  data,  for  an 
RF  power  of  190  kW 


Fig.  3:  Comparison  of  mean  energies  of  truncated  and 
untruncated  spectra 
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Fig.  4:  Comparison  of  Measured  and  Simulated  mean 
energies,  for  the  truncated  spectra,  for  various  RF 
powers 


At  no  RF  powers  do  the  simulated  mean  energies  differ 
from  the  measured  mean  energies  (for  the  truncated 
spectra)  by  more  than  1 .7%  (Fig.  4).  The  small  remaining 
differences  between  them  could  be  partly  due  to  the  fact 
that  the  GSES  by  its  very  design  selects  only  the  central 
portion  of  the  beam,  whereas  in  order  to  provide 
sufficiently  good  statistics,  the  simulated  figures  are 
calculated  by  including  particles  with  a  larger  range  of 
angles.  The  measured  mean  energies  generally  rise  with 
RF  Power.  However,  the  difference  in  RF  power 
dependence  of  the  mean  energies  between  the  measured 
and  simulated  results  is  as  yet  not  understood. 

At  powers  well  below  the  design  RFQ  operating  power, 
i.e.  <  —170  kW,  the  measured  distributions  become  more 
asymmetric,  with  the  lower  energy  tail  becoming  a  greater 
proportion  of  the  whole,  and  the  central  peak  becoming 
consequently  narrower.  This  is  indicative  of  the  reduction 
of  the  size  of  the  RF  bucket  and  the  large  phase 
oscillations  which  occur  at  lower  powers. 

As  can  be  seen  from  Fig.  5,  the  measured  RMS  widths 
for  the  truncated  spectra  are  fairly  constant  at  16.5  keV 


Fig.  5:  Comparison  of  Measured  and  Simulated 
RMS  widths,  for  the  truncated  spectra,  for  various 
RF  powers 
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above  about  165  kW,  about  14  keV  below  this  RF  power, 
and  compare  well  with  the  simulated  values.  The  tracking 
simulations  indicate  that  the  space  charge  after  the  RFQ 
exit  acts  to  increase  the  energy  spread  of  the  beam  by 
several  keV. 

4  CONCLUSIONS 

The  Gas  Scattering  Energy  Spectrometer  has  been  used 
successfully  to  re-measure  energy  spectra  from  the  ISIS 
RFQ.  The  improvements  made  to  the  experimental 
arrangement  have  substantially  improved  the  quality  of 
the  data.  The  results  indicate  that  the  beam  from  the  RFQ 
is  consistent  with  the  longitudinal  acceptance  of  the  70 
MeV  linac  intended  to  be  fed  by  the  RFQ. 
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Abstract  BPM’s  have  an  estimated  loss  factor  of  3.9el0  J/C2/mm2 

or  about  10'12  W  for  a  1  nm  offset  with  a  beam  of  1.6  nC, 
Linear  collider  (LC)  interaction  region  beam  sizes  and  typical  for  the  ATF.  About  50%  of  this  power  is  coupled 
component  position  stability  requirements  are  expected  to  out  and  can  be  mixed  down  to  an  IF  waveform  that  is 
be  a  few  nanometers[l].  It  is  important  to  show  that  the  digitized.  Table  1  summarizes  the  signal  strength  and  the 
related  tolerances  can  be  achieved,  with  an  electron  beam  expected  noise  levels. 


if  possible.  Using  recently  developed  component 
stabilization  technology,  very  high-resolution  beam 
position  monitors  (BPM’s),  and  the  ultra-low  emittance 
beam  at  the  KEK  ATF,  we  plan  to  demonstrate  the 
required  stabilization.  Our  first  step  is  to  develop  high- 
resolution  RF  cavity  beam  position  monitors,  using  either 
C  or  X  band  frequencies.  A  C-band  cavity  BPM  with  a 
resolution  of  25  nm  has  been  reported  in  tests  at  FFTB 
[2].  By  correcting  for  the  effects  of  non-axial  trajectories 
and  using  both  position  and  angle  BPM  movers,  we 
expect  to  be  able  to  demonstrate  a  resolution  of  2  to  3  nm 
over  a  dynamic  range  of  +/-  20  um.  We  report  on  the 
progress  of  the  tests  here. 

INTRODUCTION 

Recent  progress  in  accelerator  performance  has  resulted 
in  part  from  precision  beam  position  monitors  (BPM’s). 
Third  generation  synchrotron  radiation  sources,  such  as 
the  Swiss  Light  Source,  are  very  close  to  achieving  sub¬ 
micron  beam  stability  over  relatively  long  periods  of 
many  hours  or  even  days. 

Future  accelerator  projects,  such  as  the  linear  collider, 
require  large  numbers  of  BPM’s  with  200  nm  resolution 
and  1  um  accuracy.  Near  the  collision  point,  somewhat 
better  resolution  will  be  important.  Given  these 
developments,  it  is  important  to  understand  the  limits  on 
BPM  performance  and  evaluate  their  role  in  the  design  of 
new  machines.  An  RF  cavity  BPM,  coupled  with  modem 
waveform  processing,  has  been  estimated  to  have 
resolution  below  one  nanometer  [3].  In  this  paper  we 
illustrate  the  application  of  nanometer  resolution  BPM’s 
and  report  on  tests  aimed  at  proving  their  performance. 


Cross-sectional  view  of  cavity 
BPM 

I.* Cavity  sensor . 

2-  Hester. 

3  -  Temperature  sensor. 

5  -  Coupling  slot. 

6  -  Output  waveguide 

7  -  Output  feedthrough. 

»  -  Beam  pipe. 

9  -  Vacuum  flange. 

10  -  Support  pUte. 

11  -  Y  position  output. 

12  -  X  position  output. 

1 3  -  Heater  control  connector. 


Figure  1:  Schematic  of  the  ATF  extraction  line  C-band  RF 
cavity  BPM. 

Table  1:  Signals  and  noise  in  the  cavity  BPM  system.  The 
estimated  thermal  noise,  at  the  digitizer,  corresponds  to 
less  than  one  nanometer  beam  motion  at  1010  particles  per 
bunch  (ppb). 


Circuit  location 

Estimated  signal 

E_dep  (101U  ppb,  lnm  offset) 

"Fj - 

Energy  coupled  out 

5x1  O'20  J 

Output  power 

Downconvert/amp  (50dB) 

5  x  I(Pw  (-93dBm) 
-43dBm 

Into  digitizer 

3mV  p/p 

Thermal  noise  in  band  at  cavity 
(10MHz) 

-98dBm 

Thermal  noise  with  3dB  noise 
figure  at  digitizer 

-45dBm 

NANOMETER  RESOLUTION 


The  theory  of  high  resolution  BPM’s  has  been  reported 
in  [4].  C-band  (6426  MHz)  cavity  BPM’s,  illustrated  in 
figure  1,  have  been  installed  in  the  ultra-low  emittance 
extraction  line  of  the  KEK  Accelerator  Test  Facility  ATF 
for  the  purpose  of  evaluating  their  performance  and 
understanding  the  stability  of  the  beam.  Given  the  state  of 
the  art  of  storage  ring  and  linear  collider  design,  this 
appears  at  first  to  be  beyond  what  is  needed.  These 

*  Work  supported  by  US  Department  of  Energy  under  contract  DE- 
AC03-76SF005 15 
tmcrec  @slac.stanford.edu 


Measurements 

In  [3],  an  experiment  for  proving  BPM  resolution  is 
described.  Using  BPM’s  produced  by  the  BINP  group,  we 
have  reproduced  that  installation  at  the  ATF.  Because  the 
signal  emerging  from  the  RF  cavity  BPM  depends  on  the 
angle  of  the  beam  trajectory  as  well  as  its  offset  within  the 
BPM,  we  have  also  included  pitch  and  yaw  movers  on 
each  BPM.  Thus  each  BPM  has  4  four  independent 
remotely  controlled  degrees  of  motion,  x,  y,  x\  and  y  ’. 

As  in  [4],  we  orthogonalize  the  sine-like  and  cosine-like 
(//g)  responses  of  the  BPM’s  using  the  position  and  angle 
movers.  Unfortunately,  whereas  the  position  motion 
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control  (x,y)  does  not  also  move  the  angle  of  the  monitor, 
the  angle  control  is  not  perfectly  centered  at  the  BPM 
center  and  also  moves  the  BPM  position,  making  the  I/Q 
determination  a  little  less  accurate.  Nevertheless,  once  the 
response  matrix  of  the  mover  controls  and  the  I/Q  signals 
is  known,  it  is  straightforward  to  find  the  trajectory 
through  the  BPM  which  produces  minimum  or  no  power 
out  on  average. 


Figure  2:  Schematic  of  the  high  resolution  BPM  test 
equipment,  showing  the  BPM  placement  along  the 
beamline  and  the  signal  processing  electronics.  In  this 
experiment  seismometer  vibration  monitors  (shown  on  the 
right)  were  used  to  check  the  motion  of  the  BPM’s  and 
BPM  supports. 

In  the  ATF  extraction  line,  where  these  measurements 
were  made,  the  beam  repetition  rate  is  1.5  Hz,  the  beam 
size  ox/ay  is  50/5  urn,  the  beam  energy  Eb  is  1.3GeV  and 
typical  beam  pulse  to  pulse  position  y  variation  is  3  um. 

Figure  2  shows  the  signal  processing  system  used  to 
acquire  waveforms  from  each  BPM.  Care  is  taken  to  keep 
the  noise  figure  low  and  to  use  a  narrow  band  system.  The 
final  15  MHz  IF  is  digitized  using  12  bit  100MHz 
digitizers.  Figure  3  shows  the  digitized  wavforms  from 
the  beam  trigger,  the  reference  cavity,  and  the  x  y  output 
from  one  of  the  BPM’s.  Initial  commissioning  of  the 
system  is  underway  and  resolution  measurements  will  be 
done  soon. 

INTERACTION  REGION 
STABILIZATION 

The  two  sets  of  focusing  magnets  that  are  aligned  with 
the  entrance  to  the  linear  collider  detector  must  be 
stabilized  with  respect  to  each  other  to  within  a  few 


nanometers  [5],  Beam  tests,  using  SLC  and  FFTB,  that 
prove  the  performance  of  development  stabilization 
systems  have  been  proposed  [6].  In  the  SLC-based 
proposal,  for  example,  the  key  issue  is  to  demonstrate  that 
two  beams  can  be  kept  in  collision  with  the  help  of 
prototype  active  stabilization  systems. 


Figure  3:  Digitized  IF  waveforms  from  the  RF  cavity 
BPM’s.  From  top  to  bottom,  the  trigger,  reference  cavity 
IF  and  *  y  IF  waveforms  are  displayed.  The  time  base  is  in 
us. 

In  the  ATF  extraction  line,  using  nanometer  resolution 
BPM’s,  we  will  be  able  to  validate  the  performance  of 
stabilization  system  prototypes.  One  of  the  stabilization 
systems  in  development  uses  precision  inertial  sensors 
and  an  active  ‘extended  object’  feedback  process.  Other 
stabilization  systems  use  a  ‘reference  object’  and  ‘optical 
anchor’  to  indirectly  refer  the  two  sets  of  focusing 
magnets  to  each  other  [7].  The  ATF  test  will  use  two 
systems  like  the  one  illustrated  in  figure  2,  with  a  total  of 
6  RF  cavity  BPM’s  with  their  support  movers.  The 
supports  will  be  stabilized  using  prototype  interaction 
region  stabilization  feedback.  In  this  experiment,  the 
beam  and  the  BPM’s  function  as  a  nanometer  stability 
alignment  reference. 

FEEDBACK 

The  ATF  nanometer  BPM’s  will  also  be  used  to 
demonstrate  the  stabilization  of  the  trajectory  of  a  long, 
multi-bunch  train  [8].  In  this  experiment,  broadband 
electronics  will  be  coupled  with  the  cavity  BPM  to 
provide  a  correction  signal  for  a  feedback  kicker.  It  will 
be  possible  to  stabilize,  to  within  a  few  nanometers,  the 
bunches  in  the  train  that  follow  roughly  the  first  60  ns. 

CONCLUSIONS 

Interferometers,  capable  of  measuring  distances  with 
precision,  are  not  able  to  provide  nanometer  resolution 
measurements  with  respect  to  a  reference  line.  There  is  no 
presently  available  technology  capable  of  making 
alignment  measurements  with  respect  to  a  straight-line 
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reference  at  the  nanometer  level.  Using  a  high  energy 
electron  beam  and  nanometer  resolution  BPM’s  we  expect 
to  develop  the  technology  to  perform  this  sort  of 
measurement.  The  beam  and  BPM’s  are  then  a  tool  used 
to  test  and  validate  mechanical  engineering  designs. 
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Abstract  non-zero,  the  device  can  also  be  used  as  bunch  length 


It  has  been  shown  that  high  performance  cavity  BPM's 
are  capable  of  accurate  beam  trajectory  angle  and  beam 
‘tilt’,  (x-z  or  y-z  correlation)  measurements  [1],[2],  Such  a 
device  will  be  very  useful  for  the  optimization  of  a  variety 
of  beamlines,  such  as  high  current  linacs,  bunch  rotators 
and  storage  rings.  The  signal  from  a  non-axial  trajectory 
or  a  tilted  beam  is  in  quadrature  to  that  observed  from  a 
simple  displacement  of  a  very  short  bunch.  Using  in- 
phase  /  quadrature-phase  (I/Q)  demodulation  of  the  cavity 
BPM  signal,  it  is  possible  to  separate  position  and 
angle/tilt.  In  this  paper,  we  present  results  of  beam  angle 
and  tilt  monitor  tests  carried  out  in  the  KEK  Accelerator 
Test  Facility  (ATF)  extraction  line. 

INTRODUCTION 

The  purpose  of  the  monitor  and  how  it  will  be  used  in 
the  linear  collider  is  described  in  [1]  and  [2],  We  will 
review  only  the  basic  signal  generation  here.  Consider  the 
system  shown  schematically  in  Figure  1:  a  beam  of 
charge  Q ,  composed  of  2  macroparticles  located  at  ±  az, 
with  a  tilt  angle  G  (or  projected  dipole  length  8),  passes 
through  a  cavity  BPM  with  frequency  /  and  angular 
frequency  6)=27tf.  The  particles  will  induce  voltage 
signals: 

K(t)  =  ~foz-^sm(co(t+az/c))  1) 

V-(t)  =  -^da1j^-sm{(o{t-(Tjc))  2) 

for  the  two  macroparticles.  The  sum  response  is: 

,  .  d2V  cocr2 

=  — -cos  cot  3) 

uQdy  c 

where  we  have  assumed  that  0)ajc«\.  Equations  1  and  2 
show  that  the  signal  is  90  degrees  out  of  phase  with  the 
signal  from  a  rigid  offset  of  the  beam  and  is  proportional 
to  the  beam  tilt  angle. 

A  convenient  expression  is  the  ratio  of  the  peak  voltage, 
Vy>  induced  by  a  rigid  offset  (y  =  8),  to  the  peak  voltage, 
Vt)  due  to  a  tilted  beam  (total  projected  dipole  8). 


Expression  4)  can  be  thought  of  as  the  in-phase  to 
quadrature  phase  ratio  and  it  clearly  shows  that,  if  8  is 
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monitor.  If  a  displacement  8  can  be  introduced  and, 
independently,  a  tilt  with  projected  dipole  S'  can  also  be 
introduced,  then  the  ratio  of  the  response  amplitudes  in 
the  I/Q  plane  gives  the  bunch  length. 

It  is  important  to  note  that  there  is  a  similar  signal 
induced  by  ‘trajectory  tilts’  or  non-axial  trajectories.  In 
that  case,  the  length  scale  in  equation  4)  az  is  replaced 
with  the  cavity  active  length. 


to  mixer 

Figure  1 :  Schematic  of  the  cavity  BPM  with  an  incoming 
‘tilted’  beam. 

To  demonstrate  the  utility  of  a  tilt  monitor  with 
resolution  adequate  for  use  in  the  linear  collider,  we 
installed  a  powered  RF  deflector,  high  performance 
analog  and  digital  RF  circuitry  for  the  BPM  signal 
processing  and  a  set  of  BPM  cavity  movers  to  precisely 
null  the  BPM  signal  in  the  ATF.  Both  the  deflection 
cavity  and  the  BPM  use  C-band  RF  [3],  with  wavelengths 
of  52.5  and  46.7  mm  respectively.  When  a  3  mA  (9x  109 
e-  single  bunch),  intensity  beam  is  extracted  from  the 
ATF,  the  bunch  length  az  =  9  mm  [4].  This  is  large 
compared  to  the  nominal  LC  az  of  1 10  um,  so  we  expect 
the  I/Q  signals  to  be  easier  to  observe. 

ELECTRONICS  -  DESIGN 

The  BPM  signals  were  mixed  down  to  20MHz  and  then 
recorded  and  analyzed  using  digital  down  conversion.  A 
simplified  block  diagram  is  shown  in  figure  2.  A  noise 
measurement  gave  approximately  300  microvolts  RMS. 

Damage  of  the  front  end  of  the  system  by  mis-steered 
beam  is  a  serious  concern  for  sensitive  cavity  BPM’s.  The 
specified  damage  level  for  the  pre-amplifiers  is  15dBm. 
For  most  of  our  test  the  amplifiers  had  an  additional  20dB 
attenuation  on  their  inputs.  No  damage  was  observed  to 
the  amplifiers.  The  maximum  levels  for  large  mis-steering 
were  estimated  to  be  30-40dBm. 

RF  DEFLECTION  CAVITY 

A  5712  MHz  standing  wave  deflection  cavity  was 
installed  in  the  beamline  upstream  of  the  cavity  BPM 
system.  The  cavity  is  a  rectangular  pillbox  operating  with 
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an  “accelerating”  type  mode.  The  beam  trajectory  far 
from  the  axis  where  the  magnetic  fields  produce  a 
transverse  deflection.  The  cavity  was  driven  by  a  TWT 
with  output  power  of  ~1  KW.  The  cable  to  the  cavity  had 
an  attenuation  of  3dB,  for  a  total  drive  power  to  the  cavity 
of~500W  peak.  The  RF  phase  was  not  synchronized  with 
the  beam  phase.  The  cavity  kick  amplitude  and  trajectory 
transfer  function  to  the  BPM  were  calibrated  using  the 
BPM  movers. 


Figure  2:  Block  diagram  of  the  tilt  monitor  beamline 
component  layout  and  signal  processing  electronics. 


DATA  ANALYSIS  AND  CALIBRATION 

The  cavity  and  reference  IF  signals  were  fit  to  an 
assumed  damped  exponential  of  the  form 
V ~d+ Ae(~'/r) sin(co0t + /rt + 0O) •  The  Matlab  Fminsearch 
algorithm  was  used  to  fit  the  5  parameters:  d,  %  A,  <j>0,  and 
K.  An  example  waveform  with  the  superimposed  fit  is 
shown  in  figure  3. 

An  analysis  window  that  starts  after  the  initial  transient 
and  continues  for  approximately  ris  used.  The  difference 
between  the  BPM  phases  and  the  reference  cavity  phase  is 
then  estimated. 

The  resulting  BPM  phase  and  amplitude  signals  are 
converted  to  I/Q  vector  signals.  These  are  normalized  by 
the  amplitude  of  the  reference  cavity  signal  to  give 
normalized  I/Q  signals.  The  I/Q  signals  are  linear 
combinations  of  the  beam  position  and  tilt  signals. 

The  RF  cavity  BPM  calibration  was  done  using  its  x, 
x  \y,  and  y  ’  movers.  At  a  beam  current  of  5mA  in  the  ring 
(1.2xl010),  the  vertical  sensitivity  was  about  30 
mV/micron.  A  noise  of  300  microvolts  corresponds  to  a 
resolution  of  about  10  nm. 

MEASUREMENTS 

In  order  to  demonstrate  the  effectiveness  of  the  monitor 
for  measuring  tilts,  we  used  the  unlocked  deflection  cavity 
and  observed  the  I/Q  response  of  the  cavity  BPM.  Figures 


4  and  6  show  the  I/Q  response  in  internal  digitizer  units 
(where  the  gain  of  /  and  Q  channels  are  roughly  equal) 
and  figure  5  shows  the  same  in  calibrated  units.  Since  the 
calibration  of  the  beam  tilt  response  cannot  be 
independently  known,  the  units  used  in  the  plot  were 
derived  from  the  trajectory  tilt  calibration.  The  3  lines  in 
the  figures  4-6  show  the  y  and  y’  axes  from  the  mover 
based  calibration,  the  third  line  is  90  degrees  from  the  y 
calibration  direction. 
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Figure  3:  Example  waveform  with  superimposed  fit.  The 
fit  window  is  begins  about  100  ns  following  the  initial 
transient. 

Using  4),  we  can  estimate  the  bunch  length  from  the 
ellipticity  of  the  fitted  curve  in  figure  4.  Table  1  shows  a 
comparison  between  the  bunch  length  estimates  from  the 
ellipticity  and  those  presented  in  [4].  The  ATF  beam  has 
strong  cz  growth  with  current  because  of  intra-beam 
scattering. 


Table  1:  Comparison  between  bunch  length  az  estimates 
from  the  cavity  BPM  I/Q  ellipticity  and  streak  camera 


measurements  made  with  stored  beam  as  the  intensity  and 
_ RF  gap  voltage  (Ve)  is  varied.  _ 


Condition 

.-g  *  — -  S'  C 

ellipticity 

°2- 

ellipticity 

Gz-  streak 
camera 

3.5mA 

0.81 

8.5  (mm) 

9.0  (mm) 

0.39  mA 

0.64 

6.9 

6.3 

1.7  mA 

0.74 

7.7 

7.5 

0.465  mA 

0.61 

6.6 

6.8 

0.3  mA/  Vg 
reduced  50% 

0.79 

8.3 

8.8 

SENSITIVITY  TO  ANGLED 
TRAJECTORIES  AND  TILTED  BUNCHES 

The  ATF  bunch  is  long  compared  to  the  cavity 
wavelength,  so  the  assumption  that  wajc«  1  is  not  valid 
at  ATF.  This  effect  is  included  in  the  results  listed  in 
Table  1.  However,  for  the  purpose  of  illustration,  we  will 
use  equation  4)  to  estimate  the  beam  tilt  sensitivity.  We 
find  that  the  ratio  of  the  peak  voltage,  Vyi  induced  by  a 
rigid  offset  (y  -  5),  to  the  peak  voltage,  Vh  due  to  a  tilted 
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beam  (total  projected  dipole  8’)  is  0.54  for  ct2  =8mm, 
typical  for  the  beam  used  in  these  tests.  This  means  that  if 
the  sensitivity  to  a  1  micron  displacement  is  V,  then  a 
beam  with  a  total  projected  dipole  length  of  1/.54  =1.9 
um  will  produce  the  same  signal  V  in  quadrature  to  the 
displacement. 


y  c  response 


Figure  4:  Cavity  BPM I/Q  signals  from  100  beam  pulses 
with  the  unlocked  deflection  cavity  on.  The  scale  is 
internal  digitizer  units.  The  near  vertical  line  (1) 
corresponds  to  a  pure  displacement,  the  horizontal  line  (2) 
corresponds  to  an  angular  displacement  (based  on  they' 
mover)  and  (3)  is  perpendicular  to  (1).  The  fitted 
ellipticity  is  0.8104. 


CONCLUSIONS 

Initial  tests  show  a  strong  tilt  dependent  signal,  as 
would  be  expected  with  the  long  ATF  beam.  Further  tests 
will  use  a  sequence  of  monitors  in  order  to  determine  the 
monitor  resolution.  Also,  the  deflector  cavity  will  be 
locked  to  the  ATF  RF  in  order  to  attempt  to  measure  the 


Figure  6:  Cavity  BPM  response  at  lower  intensity,  where 
~  7  mm,  showing  a  narrower  ellipse.  The  figure  axes 
units  are  the  same  as  in  figure  4.  The  fitted  ellipticity  is 
0.6384. 


Figure  5:  Scaled  I/Q  response  from  the  cavity  BPM,  same 
data  as  figure  4.  The  horizontal  scale  is  in  units  of 
trajectory  angle  (urad)  and  the  vertical  scale  is  in  um.  The 
small  angle  between  the  plot  vertical  and  the  actual 
vertical  I/Q  direction  is  not  corrected. 
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Abstract 

In  order  to  fill  an  aimed  radio  frequency  (rf)  bucket 
with  an  electron  beam  in  the  storage  ring  at  SPring-8,  the 
bunched  beam  cleaning  system  which  we  call  RF 
knockout  (RF-KO)  system  is  installed  in  the  booster 
synchrotron.  The  time  width  of  the  beam  from  the  linac 
operated  with  2856MHz  rf  is  lnsec  for  single-bunch 
beam  operation.  The  beam  is  distributed  not  only  in  a 
single  rf  bucket  of  the  booster  synchrotron  operated  with 
508.58MHz  rf  but  also  in  other  rf  buckets.  The  energy  of 
injected  beam  is  increased  from  lGeV  to  8GeV.  The 
RF-KO  system  is  operated  at  minimum  beam  energy  of 
lGeV  because  the  required  knockout  power  is  reduced. 
The  bunched  beam  in  the  satellite  rf  buckets  are 
coherently  shaken  by  the  electromagnetic  field  produced 
by  four  RF-KO  electrodes  in  the  vacuum  chamber.  As  the 
amplitude  of  betatron  oscillation  increase,  the  beam  soon 
begins  to  collide  with  a  beam  duct  and  is  lost.  The 
single-bunch  beam  injected  into  the  targeted  rf  bucket  is 
effectively  kept  alive  on  the  zero-crossing  point  of 
RF-KO  waveform  with  a  precise  timing  system.  The 
beam  intensity  of  satellite  rf  buckets  in  the  storage  ring 
was  measured  with  a  photon  counting  method  and 
determined  to  be  10'9  less  than  that  of  the  main  rf  bucket. 

INTRODUCTION 

SPring-8  is  a  synchrotron  radiation  facility  composed 
of  a  lGeV  linac,  a  booster  synchrotron,  and  an  8GeV 
storage  ring.  The  booster  synchrotron  operated  with 
508.58MHz  rf  is  designed  to  accelerate  an  electron  beam 
from  lGeV  to  8GeV  with  a  repetition  rate  of  1Hz.  The 
time  width  of  the  beam  from  the  linac  operated  with 
2856MHz  rf  can  be  selected  as  40nsec  for  multi-bunch 
filling  and  as  lnsec  for  several-bunch  filling  into  the 
storage  ring.  Although  eight-pulse  beam  can  be  injected 
per  one  cycle  from  the  linac,  usually  only  one-pulse  beam 
is  injected.  At  the  several-bunch  filling  mode,  the  beam  of 
lnsec  is  distributed  not  only  in  a  single  rf  bucket  of  the 
booster  but  also  in  other  rf  buckets.  Most  of  the  beam  in 
satellite  rf  buckets  are  dark  current  from  the  electron  gun 
and  the  accelerator  columns  of  the  linac.  It  is  necessary  to 
suppress  or  to  remove  the  beam  in  satellite  rf  buckets  for 
high  purity  bunch  formation  in  the  storage  ring. 

At  the  high  energy  of  8GeV,  it  is  hard  to  remove  the 
satellite  bunches  in  the  storage  ring.  We  think  it  is  easy  to 
remove  the  satellite  bunches  in  the  booster  at  low  energy 
and  to  make  any  beam-filling  pattern  with  high  purity 
bunches  into  the  storage  ring.  Beam  cleaning  in  the 
booster  is  done  by  RF-knockout  (RF-KO)  system  which 
kicks  the  beam  in  satellite  bunches  with  electromagnetic 
force  at  low  energy  [1].  Figure  1  shows  the  beam  energy 


pattern  of  the  booster.  The  pattern  can  be  changed  easily 
by  operation  window  software.  The  flat-bottom  period  of 
250msec  is  decided  for  eight-pulse  beam  injection  that  is 
the  maximum  number  of  beam-pulse  accepted  in  the 
booster.  To  keep  the  beam  cleaning  duration  more  than 
100msec  for  the  latest  eighth-pulse  beam,  the  flat-bottom 
of  250msec  is  needed. 


Figure  I:  Beam  energy  pattern  of  booster  and  timing  of 
beam  injection  and  ejection.  RF-KO  system  is  operated  at 
flat-bottom  period. 

RF-KO  SYSTEM 

The  RF-KO  system  consists  of  a  low-level  system,  a 
high-power  system,  and  a  beam-kicker.  Figure  2  shows 
the  block  diagram  of  the  RF-KO  system.  To  remove  the 
beam  in  the  satellite  rf  buckets  effectively,  the  sine-wave 
signal  resonate  with  vertical  betatron  oscillation  is  used 
for  beam-kick. 

Not  to  affect  the  main  bunch,  RF-KO  signal  must  be 
zero  output  at  the  instant  of  main  bunch  passing  through 
the  beam-kicker.  Zero-crossing  points  of  rectangle-wave, 
rise  and  fall  of  the  wave-form,  is  adjusted  to  keep  the 
main  bunch  alive.  The  rectangle-wave  is  generated  by  the 
arbitrary  waveform  generator  with  external  clock  of 
508.58MHz.  The  frequency  of  the  rectangle- wave  is  four 
times  the  revolution  frequency  of  the  booster  that  makes 
eight  zero-crossing  points  at  the  rf  buckets  for  eight-pulse 
beam  injection.  The  RF-KO  waveform  is  produced  by 
multiplying  the  sine-wave  and  the  rectangle-wave 
together. 
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Knockout  electrode 
Stripline  type 
Length:  lm 


The  RF-KO  waveform  was  produced  only  by  the 
arbitrary  wave-form  generator  in  the  old  system.  The 
vertical  betatron  tune  was  adjusted  to  the  RF-KO  signal 
because  the  variation  of  the  RF-KO  frequency  was 
limited.  We  improve  the  system  to  combine  the 
sine-wave  with  the  rectangle-wave  by  using  a  double 
balanced  mixer.  The  RF-KO  frequency  can  be  adjusted 
more  accurately  on  the  resonance  frequency.  This 
method  also  simplifies  the  machine  tuning  for  the  beam 
cleaning. 

The  RF-KO  signal  is  amplified  by  a  lkW-output 
amplifier  and  is  divided  into  four  electrodes  of  the 
beam-kicker.  The  Beam-kicker  is  composed  of  four 
lm-long  electrodes  installed  in  a  cylindrical  vacuum 
chamber.  Arrangement  of  four  electrodes  in  the  vacuum 
chamber  is  rotated  45  degree  from  orthogonal  position. 
Phase  of  the  signal  to  the  upper  two  electrodes  are 
reversed  180  degree  to  kick  the  beam  in  vertical  direction. 
The  beam-kicker  is  installed  in  the  booster  where  the 
vertical  betatron  function  is  large  enough  for  effective 
beam  kick.  The  signals  passed  through  the  electrodes  are 
attenuated  30dB  and  are  observed  by  oscilloscope  for 
monitoring  of  the  system  condition. 

BETATRON  TUNE  MEASUREMENT 

It  is  important  to  measure  the  betatron  tune  accurately 
at  the  flat-bottom  period.  The  RF-KO  electrodes  are  used 
both  as  a  beam-shaker  for  tune  measurement.  The 
low-level  signal  output  of  RF-KO  is  switched  to 
random-noise  generator  for  the  beam-shake.  Connection 
between  the  RF-KO  high-power  system  and  the 
electrodes  are  changed  correspond  with  the  direction  of 
betatron  tune.  The  time  variation  of  the  betatron 
frequency  is  measured  by  real-time  spectrum  analyzer 
(Tektronix:  3056).  The  RF-KO  frequency,  which 


resonates  with  vertical  tune,  is  determined  by  this 
measurement. 

Figure  3  shows  the  time  variation  of  the  vertical 
betatron  tune.  The  fluctuation  of  the  tune  in  the 
flat-bottom  period  is  about  0.015,  and  it  is  mainly  caused 
by  the  current  ripple  of  the  magnet  power  supplies.  The 
vertical  betatron  tune  must  be  adjusted  in  constant  value 
for  effective  beam  kick.  The  excitation  current  pattern  of 
the  quadrupole  magnets  are  corrected  to  fix  the  betatron 
tune  in  constant  value. 


Elapsed  time  from  #1  beam  injection  [msec] 
Figure  3:  Time  variation  of  vertical  betatron  tune. 


TUNING  FOR  BEAM  CLEANING 

On  the  machine  tuning  for  the  beam  cleaning,  it  is 
important  to  adjust  the  timing  of  RF-KO  signal  and 
RF-KO  frequency.  The  zero-crossing  point  of  the  RFKO 
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signal  is  set  on  the  main  rf  bucket  by  using  phase  shifter. 
In  case  that  the  zero-crossing  point  is  synchronized  with 
the  main  bunch,  no  beam  loss  is  observed  on  an  averaged 
beam  current  measured  by  DCCT. 

For  the  fine  tuning  of  RF-KO  frequency,  beam  is 
shaken  by  the  beam-shaker  with  continuous  sine-wave. 
A  frequency  that  grows  up  the  beam  loss  is  set  directly  as 
the  RF-KO  frequency.  Due  to  the  betatron  tune 
dependence  on  beam  charge  density,  the  vertical  tune  of 
40nsec  beam  is  higher  about  0.002  than  that  of  lnsec 
beam  in  the  same  averaged  beam  current.  The  charge 
density  per  bunch  of  the  40nsec  beam  is  about  1/20  less 
than  that  of  the  lnsec  beam.  It  is  hard  to  measure  the 
vertical  tune  of  the  satellite  bunches,  so  we  use  the  tune 
value  of  40nsec  beam  as  the  RF-KO  frequency. 

The  single-bunch  impurity  is  measured  by  using  the 
visible  synchrotron  light  at  the  accelerator  diagnostics 
beam-line  I  (BL38B2)  in  the  storage  ring.  Photon 
counting  method  with  a  fast  light  shutter  system  is  used 
[2].  The  fast  light  shutter  system  consists  of  Pockels  cells, 
polarizers  and  a  high  voltage  pulser.  The  fast  light 
shutter  extracts  a  light  pulse  from  a  particular  bunch  in 
the  storage  ring.  The  bunch  impurity  can  be  decided  by 
the  extinction  ratio  of  the  light  shutter  (typically  105). 
The  latest  result  of  the  impurity  measurement  is  less  than 
2x10  11  and  less  than  lxlO'9  before  and  after  the  main  rf 
bucket,  respectively.  The  results  of  both  are  the 
measurement  limit  of  this  system. 

We  measure  the  bunch  impurities  of  the  satellite  rf 
buckets  adjacent  to  the  main  rf  bucket  as  a  function  of 
the  acceleration  voltage  of  the  booster.  Figure  4  shows 
the  dependence  of  the  bunch  impurities  on  the 
acceleration  voltage  at  the  flat-bottom  period.  The 
increase  of  the  acceleration  voltage  decreases  the  bunch 
impurity  exponentially.  Now,  we  are  investigating  the 
mechanism  of  this  relation. 

CONCLUSION 

To  make  the  high  purity  bunches  in  the  SPring-8 
storage  ring,  the  beam  cleaning  system  was  installed  in 
the  booster  synchrotron.  It  was  confirmed  that  the  high 
purity  bunched  beam  was  formed  efficiently  in  the 
booster  by  removing  the  satellite  bunches  at  low  beam 
energy  of  lGeV.  Another  advantage  of  the  beam 
cleaning  system  in  the  booster  was  the  ability  to  make 
any  beam-filling  pattern  in  the  storage  ring  with  high 
purity  bunches.  Several-bunch  filling  pattern  into  the 
storage  ring  has  been  successfully  operated,  and  the 
beam-line  users  are  satisfying  the  bunch  purity. 
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Figure  4:  Relation  between  the  acceleration  voltage  of 
the  booster  and  the  bunch  impurity.  Upper  (a)  is  -1st 
bucket  and  lower  (b)  is  +  1st  bucket,  which  are  just  before 
and  after  the  main  rf  bucket,  respectively.  The  bucket 
spacing  is  about  2nsec. 
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Abstract 

The  extracted  1.5  GeV  electron  beams  from  the 
booster  synchrotron  are  transported  via  a  transport  line 
and  injected  into  the  storage  ring.  This  booster-to-storage 
ring  transport  line  equipped  with  seven  stripline  beam 
positions  monitors.  Commercial  log-ratio  BPM 
electronics  were  adopted  to  process  the  500MHz  bunch 
signal  directly.  The  position  of  the  passing  beam  is 
digitized  by  VME  analog  interface.  This  report  addresses 
the  system  architecture,  software  tools,  and  performance 
of  the  BTS  trajectory  measurement.  This  system  will 
provide  an  elegant  tool  for  optimizing  the  performance  of 
the  transport  line.  Preliminary  results  and  possible 
applications  are  included. 

1  INTRODUCTION 

The  booster-to-storage  ring  transport  line  (BTS)  of  the 
NSRRC  (formerly  the  SRRC)  consists  of  seven 
stripline-type  BPMs  for  measuring  the  trajectory  of  the 
beam.  The  BPMs  are  a  complementary  tool  to 
fluorescence  screen  monitor  for  the  operation  of  transport 
line.  A  logarithmic-ratio  signal  processing  technique  is 
commonly  use  for  monitoring  the  position  of  the  beam.  It 
provides  the  advantages  of  a  normalized  real-time 
response,  and  an  excellent  dynamic  range  of  intensity  and 
position  measurement.  It  is  based  on  the  inexpensive 
integrated  circuit  family  of  demodulating  logarithm 
amplifiers,  manufactured  by  Analog  Devices,  Inc.  Log 
ratio  electronics  were  recently  adopted  for  use  as  the 
BPMs  to  provide  a  convenient  means  of  operating  the 
transport  line. 

2  LR-BPM 

Commercially  log-ratio  beam  position  monitors 
(LR-BPM)  [1]  are  used  to  measure  the  beam  position  in 
the  BTS  of  the  NSRRC.  The  functional  block  diagram  of 
the  LR-BPM  is  shown  in  Figure  1.  The  log  ratio 
processor  is  a  two-channel  device.  This  module  consists 
of  a  low-pass  filter,  a  band-pass  filter,  a  log-ratio 
amplifier,  a  sample  &  hold  (S&H)  circuit,  a  timing 
control  circuit,  and  a  position  and  intensity  signal 
processing  circuit.  For  details  about  the  principles  and 
implementation,  please  refer  to  reference  [2]. 


Figure  1:  Functional  block  diagram  of  the  LR-BPM. 


3  TRANSPORT  LINE  LOG-RATIO  BPM 
SYSTEM 

The  1.5  GeV  electron  beam  is  extracted  from  the 
booster  synchrotron  and  transported  via  a  70  m  long 
transport  line  before  being  injected  into  the  storage  ring. 
Seven  stripline-type  BPMs  are  installed  in  the  transport 
line,  as  shown  in  on  the  Figure  2.  The  striplines  are 
mounted  on  the  circular  vacuum  chamber  with  63  mm 
inner  diameter.  The  striplines  is  10  mm  in  width  and  150 
mm  long.  The  beam  intercept  angle  is  about  10  Degrees. 
The  sensitivity  of  the  BPM  is  about  1  dB/mm  near  the 
center  of  the  chamber 


BTS  Diagnostic  Devices  Layout 


Booster 

Injection  BPM1  BPM7 


Figure  2:  Transport  line  layout  and  the  BPM  installation. 
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The  LR-BPM  is  configured  in  self-beam  trigger  mode. 
The  electronics  include  a  two-channel  sample  &  hold 
circuit  for  X  and  Y  output.  A  log  sum  output  signal  is  also 
available.  An  in-hosed  made  peak  detector  module  in 
VME  form  factor  is  used  to  hold  of  the  log  sum  output.  In 
Figure  3  shows  the  signal  processing  circuitry  of  the  log 
sum  hole  module.  The  input  signal  is  firstly  inverted. 
When  the  inverted  log  sum  signal  amplitude  is  more  than 
the  output  of  the  peak  detector,  the  peak  detector  operates 
in  the  sampling  mode  and  the  output  follows  the  input; 
otherwise,  the  peak  detector  operates  in  the  hold  mode. 
The  drop  rate  of  the  fast  peak  detector  is  rather  high  so  a 
second  sample  &  hold  stage  is  need  to  keep  output  of  the 
sum  up  to  100  msec.  The  timing  circuit  provides  an  S/H 
command  for  the  slow  S/H  and  to  trigger  the  ADC 
modules. 


Figure  3:  The  peak  detector  circuit  for  log  sum  signal. 

A  32-channel,  16-bit  VME  ADC  module  acquires  the 
data  from  seven  LR-BPMs.  The  position  data  are  holding 
on  the  S/H  on  the  LR-BPM  module,  and  a  peak  detector 
holds  the  log  sum  value.  A  PPC  CPU  module  running 
LynxOS  and  controls  the  operation  of  the  VME  crates. 
Collected  data  are  sending  to  a  control  database  every  100 
msec  to  be  displayed  and  fed  to  various  applications.  The 
LR-BPM  in  S/H  mode  with  self-beam  trigger  is  working 
correctly  when  the  signal  is  sufficiently  strong  to  activate 
the  trigger  circuitry.  There  is  no  indication  whether  the 
trigger  is  happen  or  not.  To  address  the  problem  of  data 
correctness,  the  log  sum  signals  are  used  to  check  the  data 
validation  of  the  position  data.  If  the  log  sum  signal  is 
large  than  some  presentable  level,  it  can  ensure  the 
LR-BPM  is  working  properly  and  provide  reliability  data. 
The  application  software  can  do  this  check  in  control 
system  easily. 


Figure  4:  Data  Acquisition  System  for  the  BTS  LR-BPM. 

4  PRELIMINARY  TEST  RESULTS 

A  preliminary  beam  test  was  recently  conducted  to 
check  the  functionality  of  the  BTS  LR__BPM  system. 
Figure  5  show  the  log  sum  of  LR-BPMs  along  the  beam 
transport  line.  The  data  is  not  corrected  for  the  attenuation 
of  cables.  The  cable  for  BPM  1  is  the  longest.  The  drop  of 
log  sum  after  BPM  5  is  the  results  of  a  beam  stopper  (for 
safety  purpose)  is  close  to  prevent  mistake  injection,  the 
location  of  the  beam  stopper  is  shown  in  Figure  2.  Figure 

6  shows  the  log  sum  of  LR-BPMs  along  the  beam 
transport  line  of  a  routine  injection  scenario.  The  trigger 
of  electron  gun  will  stop  immediately  when  the  storage 
ring  stored  beam  accumulated  to  200  mA  corresponding 
to  the  machine  cycle  near  120.  The  intensity  variation  of 
the  transport  line  will  reveal  the  performance  of  the 
booster  synchrotron.  Figure  7  shows  the  log  sum  of  BPM 

7  during  a  routine  injection  scenario.  The  estimated 
variation  in  the  intensity  of  the  booster  beam  is  less  than 
25%.  The  log  sum  information  can  complement  the 
screening  to  optimize  the  operating  conditions  of  the 
transport  line  and  the  extraction  conditions  of  the  booster 
synchrotron,  even  if  is  not  sufficiently  accurate.  The 
information  also  provides  the  loss  of  the  beam  along  of 
the  transport  line. 

The  input  current  of  correct  magnet  power  supply 
controls  the  position  of  the  beam.  HC1  is  the  first 
horizontal  correct  power  supply;  VC1  is  first  vertical 
correct  power  supply.  The  Figure  8  shows  result  of  HC1 
versus  X  position  variation.  The  Figure  9  shows  result  of 
VC1  versus  Y  position  variation. 
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Figure  5:  The  snapshot  of  the  log  sum  output. 


Figure  8:  Horizontal  trajectory  difference  when  the  first 
horizontal  corrector  (HC1)  change  ±  1.5  A. 


Figure  6:  The  BTS  beam  intensity  (log  sum)  distribution 
as  function  of  time  in  a  routine  injection  scenario.  This 
figure  is  shown  the  log  sum  output  or  BTS  LR-BPM 
during  injection,  the  stored  beam  current  of  the  storage 
ring  is  started  form  0  mA  and  accumulate  to  200  mA 
about  170  seconds. 


Figure  7:  The  log  sum  output  of  the  BPM7,  which 
installed  at  the  upstream  of  the  storage  ring  injection 
septum  in  a  routine  injection. 


Figure  9:  Vertical  trajectory  difference  when  the  first 
vertical  corrector  (VC1)  change  ±  1.5  A. 

5  SUMMARY 

The  LR-BPM  system  for  the  transport  line 
non-destructively  measures  the  trajectory  of  the  beam.  It 
can  simultaneously  measure  the  position  and  the  intensity 
of  the  BTS  in  the  injection  period.  The  intensity 
information  also  provides  the  loss  of  the  beam  along  of 
the  transport  line.  The  log  sum  information  complements 
in  optimizing  the  operating  conditions  of  the  transport 
line  and  the  extraction  conditions  of  the  booster 
synchrotron,  improving  the  efficiency  of  injection^  The 
system  was  recently  integrated  and  tested.  Further 
improvements  are  ongoing.  This  measurement  system  is 
expected  to  be  helpful  in  optimizing  the  transport  line  for 
routine  operation  and  top-up  mode  operation  in  the  near 
future. 
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Abstract 

A  digital  beam  position  monitor  (DBPM)  test-bed  was 
implemented  recently  in  the  NSRRC  to  perform 
functionality  and  performance  evaluation.  The 
programmability  nature  of  DBPM  system  is  essential  for 
multi-mode  high  precision  beam  position  measurement. 
The  system  will  support  high  performance  beam  position, 
tum-by-tum  beam  position,  tune  and  other  diagnostic 
measurements.  Control  system  interface  was  implemented 
to  support  the  operation  of  DBPM  system.  Preliminary 
test  results  includes  various  aspects  will  be  discussed  and 
presented  in  this  report. 

INTRODUCTION 

A  test-bed  of  digital  receiver  based  beam  position 
monitor  (DBPM)  is  implemented  [1,2].  The  purpose  of 
this  test-bed  is  used  to  evaluate  and  explore  the  potential 
and  performance  of  the  new  technology  for  beam 
diagnostics  application  at  the  storage  ring.  The  system 
composes  a  multi-channel  coherent  down-converter  and  a 
VME64x  crate  equip  with  multi  quad-digital  receivers 
boards  (QDR).  Preliminary  results  presents  that  the 
system  achieved  micron  resolution  in  closed-orbit  mode 
and  high  resolution  in  tum-by-tum  mode. 

The  digital  BPM  electronics  are  commercial  products 
[3].  The  electronics  consist  of  two  parts,  the  first  parts  is  4 
channels  RF  down  converter  that  convert  500  MHz  beam 
signal  into  intermediately  frequency  (20  MHz)  coherently. 
Four  IF  signals  are  digitized  and  processed  by  quad- 
digital  receiver  boards.  The  resolution  of  averaged  beam 
position  measurement  can  be  better  than  one  micron  and 
achieve  around  10  pm  tum-by-tum  resolution.  The  QDR 
consists  of  four  symmetrical  channels.  The  system  block 
is  shown  in  the  figure  1 .  It  consists  of  RF  down  convert,  a 
band-pass  filter,  analog-to-digital  converter  (ADC), 
digital  down  converter  (DDC),  FIFO  memory  and  FPGA 
is  for  the  data  acquisition  and  control  purposes. 

The  ADC  is  based  on  AD6644/6645.  It  is  used  for  the 
analog  to  digital  conversion.  This  is  a  high  speed,  high 
performance,  low  power,  and  monolithic  14-bit  analog-to- 
digital  converter.  All  necessary  functions,  including  track- 
and-hold  and  reference  are  included  on  chip  to  provide  a 
complete  conversion  solution. 

The  programmable  DDC  is  composed  of 
synchronization,  input,  input  level  detector,  carrier  mixer, 
CIC  decimating  filter,  half-band  decimating  Filter,  255- 
tap  programmable  FIR  filter,  automatic  gain  control, 
Cartesian  to  Polar  converter. 


CONTROL  SYSTEM  INTERFACE  FOR 
DBPM  TEST-BED 

The  control  system  interface  is  separated  to  two  layers. 
The  embedded  layer  is  VME64x  crate  with  PowerPC 
module  running  the  real  time  operation  system  of  LynxOS. 
The  user  interface  layer  is  located  at  workstation/Unix 
and  PC/Linux  control  console,  support  commercial 
software  Matlab  and  Lab  VIEW.  The  VME  host  receives 
control  parameters  from  user  interface  by  Ethernet.  The 
control  parameters  include  that  change  operation  mode 
either  tum-by-tum  mode  or  closed  orbit  mode,  adjust  FIR 
filter  coefficient  and  decimation  factor  of  system.  The 
data  of  DBPM  is  replied  to  user  interface  after  receive 
software  trigger  from  Ethernet.  The  software  environment 
is  shown  in  the  figure  2.  The  DBPM  test-bed  is  seamless 
integrated  with  the  existing  system. 

There  are  two  threads  in  the  VME  host.  One  is  setting 
thread  that  handles  all  parameter  control,  such  as  turn-by- 
tum  mode  and  close  orbit  mode  control  parameters  update. 
Another  is  reading  thread  that  handles  control  status 
response  and  data  access  of  DBPM.  All  data  and  control 
parameter  are  collected  in  the  share  memory.  The  closed 
orbit  data  is  sent  to  a  dedicated  BPM  server  node  by 
reflective  memory  network.  The  update  rate  of  closed 
orbit  beam  position  is  1  KHz  in  the  orbit  feedback 
reflective  memory  network.  The  VME  host  of  the  BPM 
server  down  sampled  the  closed  orbit  data  to  10  Hz  and 
update  to  dynamic  database  in  all  control  consoles. 

The  data  of  DBPMs  in  tum-by-tum  mode  are  directly 
served  to  client  running  on  control  console  via  control 
Ethernet.  The  input  rate  of  DBPM  is  50  MS/s.  The  output 
rate  is  2.5  MS/s  after  CIC,  half-band  and  FIR  filter.  The 
CIC  decimation  factor  is  5,  half-band  decimation  factor  is 
2  and  FIR  decimation  factor  is  2.  BPM  acquisition  is 
started  after  accepts  event  from  client.  Position 
calculation  is  done  after  the  FIFO  of  DBPM  is  full.  The 
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maximum  depth  of  FIFO  is  8192  long  words  in  each 
channel.  The  maximum  record  time  is  3.2  milliseconds  in 
the  tum-by-tum  mode. 


Figure  2:  Software  environment  for  BPM  data  access. 


PRELIMINARY  SYSTEM  TEST  RESULTS 

Preliminary  beam  test  was  done  recently.  The  installed 
BPMs  will  join  the  routine  operation  in  near  future.  To 
examine  the  closed  orbit  performance,  short-term  and 
long-term  test  in  underway.  The  long-term  stability  can  be 
achieved  ~  pm  level  with  lKHz  output  rate  that  is 
comparative  with  existing  orbit  feedback  system.  The 
resolution  can  be  better  after  optimized  the  parameters  of 
digital  receiver. 


Long-term  reading  in  RDBPM5Y 


-0  031 

-0.032 

E  : 

E  -0  033 
1= 
o 

§.-0  034 
> 

-0035 

-0  036 

-0  037 

0  5  10  15  20  25 

Hour 

Figure  3:  Long-term  stability  in  the  closed  orbit  mode 
with  lKHz  output  rate. 

The  revolution  frequency  of  the  storage  ring  of  NSRRC 
is  2.5  MHz.  The  tum-by-tum  BPM  electronics  have  1.25 
MHz  bandwidth  is  essential  in  principle.  However,  the 
fractional  tune  of  the  storage  ring  is  less  than  0.33, 
bandwidth  of  0.8  MHz  is  enough  to  support  the 
measurement.  The  preliminary  tum-by-tum  parameter  set 
achieves  0.8  MHz  bandwidth  (-3  dB)  at  this  moment  as 
shown  in  figure  4.  The  investigation  is  going  how  to 
increase  bandwidth  by  optimize  the  parameters  of  digital 


receiver.  Adopt  data  post  processing  to  compensate  the 
frequency  response  to  increase  the  bandwidth  is  another 
alterative  solution. 
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Figure  4:  Bandwidth  of  DBPM  system  for  tum-by-tum 
mode. 


To  demonstrate  the  functionality  of  the  tum-by-tum 
mode,  various  test  have  been  done  recently.  Figure  6(a) 
presents  the  data  of  a  BPM  in  frequency  domain  with 
horizontal  kick.  Betatron  oscillation  is  clearly  observed  by 
the  output  of  DBPM.  Figure  6(b)  shows  the  data  of  a 
BPM  in  frequency  domain  with  vertical  kick.  Figure  5 
shows  a  single  button  reading  in  the  time  domain  of 
DBPM  with  -  1  mrad  horizontal  kick  by  an  injection 
kicker,  the  horizontal  betatron  oscillation  is  excited. 

The  tum-by-tum  beam  position  in  for  one  DBPM  is 
shown  in  the  figure  7  when  the  RF  gap  voltage 
modulation  is  turn  on.  The  RF  gap  voltage  modulation  is 
used  to  remedy  the  strong  longitudinal  coupled  bunch 
instability  right  now.  The  beam  was  excited  by  narrow 
band  white  noise,  both  horizontal  and  vertical  betatron 
oscillation  are  excited.  The  top  figure  is  the  signal  picked 
up  by  a  single  button.  The  prominent  sinusoidal  signal  is 
induced  by  the  RF  gap  voltage  modulation.  Tum-by-tum 
beam  position  is  calculated  by  using  four  button  signals. 
The  horizontal  position  is  ride  on  the  50  kHz  of 
background  that  is  shown  in  the  middle  figure.  This 
background  is  due  to  tin-calibration  of  the  four  button 
processing  chain.  Parallel  processing  electronics  are 
insensitivity  to  the  longitudinal  instability  in  the  principle. 
The  background  can  be  minimized  after  applied  proper 
calibration  correction.  Bottom  figure  is  the  vertical 
position  shown  clean  betatron  oscillation.  The  phase 
space  measurement  by  two  BPMs  with  horizontal  phase 
advance  near  nil  is  shown  in  the  figure  8.  The  difference 
color  dots  define  various  groups  of  turns. 
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Figure  5:  (a)  The  frequency  domain  of  digital  BPM  with 
horizontal  kick,  (b)  with  vertical  kick. 
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Figure  6:  Damped  horizontal  betatron  oscillation  observed 
by  a  single  button  of  BPM. 
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Figure  7:  Preliminary  results  of  the  DBPM  test  bed  shown 
that  the  tum-by-tum  resolution  is  better  than  10  um. 
Upper:  single  button  signal;  Middle:  un-calibrated 
horizontal  position;  Bottom:  un-calibrated  vertical 
position. 
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Figure  8:  Phase  space  near  4th  order  resonance,  blue  dot:l 
to  1000  turns,  green  dot:  1001-2000,  cyan  dot:200 1-3000, 
red  dot: 300 1-4000,  magenta  dot:  4001-5000. 


extract  tune.  Very  small  beam  size  blowup  (several 
percent)  was  observed.  It  may  be  compatible  with  user, 
which  is  not  demanding  on  beam  condition. 


Two  QDRi  sW  the  same  RF  front-end  output 

A  dedicated  QDR  for  tune  measurement  ,6.  mqi 

Figure  9:  The  block  diagram  of  digital  tune  monitor. 

FUTURE  PROSPECTS 

System  integration  and  preliminary  beam  test  is  on 
going.  The  beam  test  results  show  that  the  system  is 
working  properly.  Remaining  work  includes  integrating 
the  system  to  join  the  routine  operation  in  closed  orbit 
mode  and  develops  better  Matlab  scripts  to  support  data 
acquisition  and  analysis  for  tum-by-tum  mode.  Integration 
small  number  of  digital  BPMs  accompany  with  existing 
MX-BPM  is  short-term  goal.  Intensive  test  of  digital  BPM 
will  be  stated  soon. 
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DIGITAL  TUNE  MONITOR 

The  dedicated  tune  monitor  in  implementation.  It  is 
based  on  a  dedicated  digital  BPM  working  in  tum-by-tum 
mode;  the  system  block  diagram  is  shown  in  figure  8.  The 
stored  beam  is  excited  by  a  narrow  band  white  noise.  This 
level  of  the  excitation  is  controlled  by  digital  output 
interface  to  keep  the  level  as  low  as  possible.  Fourier 
analysis  of  the  beam  position  in  the  tum-by-tum  mode  can 
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Abstract 

A  synchrotron  light  interferometer  has  been  built  at 
Jefferson  Lab  in  order  to  measure  small  beam  sizes  below 
the  diffraction  limit.  The  device  is  non-invasive  and  can 
monitor  the  profile  of  a  few  microampere  electron  beam. 
It  follows  the  design  pioneered  by  T.  Mitsuhashi  [1]  and 
is  a  valuable  instrument  for  the  CEBAF  accelerator.  The 
structure  of  the  interferometer,  the  experience  gained 
during  its  installation,  and  first  beam  measurement  results 
are  presented.  Future  applications  of  this  device  include 
precise  energy  spread  monitoring  (~10'5)  which  is 
required  by  some  Hall  A  nuclear  physics  experiments. 

INTRODUCTION 

By  recirculating  electrons  through  its  two  super¬ 
conducting  linacs  up  to  five  times,  CEBAF  provides 
nuclear  physics  experiments  at  Jefferson  Lab  with 
powerful  (up  to  0.8  MW)  electron  beams  of  high  quality. 
Standard  beam  energies  range  from  0.8  to  5.7  GeV.  The 
beam  intensity  ranges  for  three  existing  experimental  end 
stations  are:  1  to  180  pA  for  Hall  A,  1  to  30  nA  for  Hall  B, 
and  0.1  to  180  pA  for  Hall  C.  A  growing  number  of 
experiments  at  the  end  stations  have  begun  to  require  not 
only  very  small  transverse  beam  size  (ax>y<20  pm)  and 
low  energy  spread  (dE/E<310'5)  but  also  their  continuous 
monitoring  at  the  critical  points  of  the  accelerator.  One 
such  critical  point  in  the  Hall  A  beam  line  is  the  high 
dispersion  (~  4  m)  location  1C  12  which  is  shown  in  Fig.l. 
This  is  the  area  downstream  of  the  dipole  magnet  (the 
blue  element  at  the  center  of  Fig.l)  which  has  the  bending 
radius  of  40  meters. 


Figure  1:  Location  1C12  in  the  Hall  Abeam  line  with  the 
installed  synchrotron  light  interferometer. 


♦Supported  by  DOE  Contract  #DE-AC05-84ER40150. 


This  location  has  two  other  beam  profile  measurement 
devices:  a  wire  scanner  and  an  optical  transition  radiation 
(OTR)  monitor.  The  wire  scanner  uses  25  pm  diameter 
tungsten  wires  and  has  a  maximum  beam  current  limit  at 
5  pA.  Wire  scans  take  about  one  minute  to  perform  and 
are  destructive  to  the  beam.  The  OTR  monitor  inserts  a 
very  thin  (~0.25  pm)  carbon  foil  onto  the  beam  axis  [2]. 
This  foil  introduces  a  small  amount  of  halo  to  the  beam 
which  is  acceptable  to  some  of  the  experiments.  The 
forward  transition  radiation  is  detected  by  a  CCD  camera. 
The  resolution  of  the  OTR  monitor,  limited  by  the  used 
CCD  camera  to  about  two  pixels,  is  approximately  60  pm 
of  the  RMS  beam  size.  This  is  adequate  to  the  existing  but 
not  enough  for  new  beam  requirements  at  Jefferson  Lab. 

The  synchrotron  light  interferometer  (SLI)  technique 
that  has  been  developed  at  KEK,  Japan  [1]  for  measuring 
very  small  (down  to  a  few  pm)  beam  sizes  and 
successfully  implemented  in  several  electron  storage  rings 
all  over  the  world,  was  very  attractive  for  a  new  CEBAF 
beam  diagnostic  project.  A  prototype  SLI  has  been 
designed  and  installed  as  a  third  beam  profile  diagnostic 
device  at  the  1C  12  location.  The  main  goals  of  our 
synchrotron  light  interferometer  project  were  to  determine 
the  basic  structure  of  the  SLI  for  Jefferson  Lab  that  could 
easily  be  replicated  and  to  gain  the  experience  during  its 
installation  in  the  accelerator  tunnel  and  further 
operations.  We  also  wanted  to  design  and  test  software 
that  would  automate  the  control  functions  of  all 
synchrotron  light  interferometer  components  and  the 
calculation  of  the  beam  size  with  the  use  of  the  SLI  data. 
The  three  different  beam  profile  monitors  at  the  same 
location  would  give  us  an  excellent  opportunity  to  use 
their  measurement  results  in  our  work  on  SLI  data 
processing  and  analysis  models. 

SLI  AND  ITS  COMPONENTS 

The  SLI  design  at  Jefferson  Lab  is  a  wave  front  division 
interferometer  that  uses  polarized  quasi-monochromatic 
synchrotron  light.  It  has  a  3-D  structure,  with  major 
elements  placed  on  two  horizontal  levels  which  are 
parallel  to  the  ground  plane  (see  Fig.l).  Limited  space  and 
radiation  levels  strongly  influence  the  SLI  design  and 
implementation. 

The  synchrotron  light  generated  by  the  electron  beam  in 
the  dipole  magnet  is  extracted  through  a  quartz  window 
by  the  mirror  installed  in  a  vacuum  chamber.  After  this 
window,  external  light  is  shielded  from  the  SLI  optical 
system.  Two  adjustable  45°  mirrors  guide  the  light 
through  the  optical  system.  From  the  first  mirror  light 
reflects  downward  and  reaches  the  second  mirror.  This 
mirror  is  remotely  controlled  and  sends  light  on  the  CCD 
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through  a  long  (-5  m)  plastic  pipe  and  all  optical 
components,  in  the  direction  opposite  to  the  direction  of 
the  electron  beam.  The  CCD  and  the  optical  components 
are  placed  in  an  optical  box.  A  diffraction  limited  doublet 
lens  (f  =  1  m)  is  used  as  the  camera  objective.  A  narrow 
band  optical  filter  (Xq  =  630+10  nm)  is  used  to  obtain  a 
quasi-monochromatic  light.  A  polarization  filter  selects 
out  the  cr-polarized  component  of  the  synchrotron 
radiation.  A  double  slit  assembly  with  different  distances 
between  slits  (from  5  to  20  mm)  and  small  slit  openings 
(lmmx2mm)  is  located  right  in  the  front  of  the  objective 
lens.  It  is  moved  by  a  remotely  controlled  stepper-motor. 
The  SLI  optical  box  is  shielded  by  lead  blocks  to  avoid 
damage  to  its  components  from  the  high  radiation  in  the 
accelerator  tunnel. 


Polarization  filter 


Double  slit  assembly 


1  A 

CCD 

s 

a 

_ C) _ 

1 1  f 

U 

1  i  l> 

Synchrotron  Light 

D  t  1  I 

Source  (Beam) 

j  * 

Iman 

Lais 

Band  pass  filter  (^±&k) 

R 

L 

Figure  2:  Synchrotron  light  interferometer  outline. 


The  SLI  outline  is  shown  in  Fig.2.  The  double  slit 
assembly  is  located  at  the  distances  R«9.1  m  from  the 
synchrotron  light  source  point  and  L«l.l  m  from  the 
CCD. 

The  SLI  video  camera  is  the  STV  digital  integrating 
video  system  from  the  Santa  Barbara  Instrument  Group 
[3].  The  camera  has  its  own  control  box  with  the  RS-232 
interface  to  an  external  computer.  Its  quantum  efficiency 
is  very  high  (more  than  70%)  for  X0=630  nm  and  the  pixel 
size  is  small  (7.4jj.mx7.4jim).  An  electronic  cooling 
system  keeps  CCD  dark  currents  extremely  low.  The 
exposure  time  of  the  camera  can  gradually  be  changed 
from  0.001  seconds  to  10  minutes.  The  CCD  camera  is 
connected  to  an  image  processor.  The  SLI  image 
processor  is  Datacube’s  MaxVideo  MV200  board  [4] 
which  is  the  basic  video  image  processing  system  for 
beam  diagnostic  applications  at  Jefferson  Lab  [5].  The 
STV  video  camera  and  MV200  system  make  it  possible 
for  the  SLI  to  measure  the  sizes  of  the  CEBAF  electron 
beams  in  a  very  wide  range  in  energy  and  intensity. 

INTERFEROGRAM  ANALYSIS 

The  SLI  interference  pattern  is  captured  by  the  CCD 
video  camera  and  analyzed  by  the  image  processing 
software  running  on  the  MV200  and  its  host  computer  (a 
Motorola  PowerPC  based  IOC)  connected  to  the 
accelerator  control  system  based  on  EPICS  [6].  As  a  part 


of  the  distributed  real-time  EPICS  database,  the  digitized 
images  from  the  video  camera  and  the  information  about 
the  calculated  beam  size  are  available  for  the  accelerator 
control  computer  network  and  can  be  used  for  various 
beam  diagnostic  applications. 

The  basic  parameter  to  calculate  the  beam  size  is  the 
visibility  V  of  the  interference  pattern.  The  visibility  is 
estimated  from  the  intensities  of  the  first  (central) 
maximum  (Imax)  and  minima  (Imin)  of  the  interferogram: 


v= 


(1) 


Assuming  a  Gaussian  beam  shape,  the  RMS  beam  size 
can  be  calculated  at  the  fixed  separation  of  a  double  slit  as 
[1]: 
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where  D  is  the  double  slit  separation  (see  Fig.2). 

SLI  image  processing  and  data  analysis  are  performed 
by  new  software  that  has  been  developed  for  this  project. 
The  MV200  continually  processes  a  large  volume  of 
pixels  corresponding  to  the  video  frames  from  the  CCD 
camera  using  parallel  pipeline  technology.  This 
technology  makes  it  possible  for  the  MV200  not  only  to 
routinely  perform  such  important  operations  for 
processing  as  masking  the  pixels  outside  the 
interferogram  region  and  subtraction  of  a  background 
image  but  also  to  calculate  the  RMS  beam  size  with  the 
use  of  equations  (1)  and  (2)  at  a  high  rate  (up  to  10  Hz  in 
the  multiplexed  version  of  the  software).  In  addition,  the 
SLI  data  analysis  software  calculates  corrections  due  to 
the  field  depth  effects  and  imbalance  between  intensities 
of  the  two  modes  of  light  illuminating  the  double  slit.  The 
software  fits  the  measured  interference  pattern  using  a 
multi-parameter,  non-linear  model  that  is  based  on  the 
ideas  from  paper  [7]. 

EXPERIMENTAL  RESULTS 

With  the  configuration  of  double  slits  that  has  been 
used  for  the  last  few  months,  the  synchrotron  light 
interferometer  measured  the  vertical  beam  size. 
Measurements  with  different  distances  between  slits  have 
been  made  and  the  data  of  the  three  beam  profile  monitors 
at  location  1C12  have  been  analyzed.  Typical  SLI 
interferograms  are  shown  in  Fig. 3. 

The  measured  vertical  beam  size  was  in  the  range  from 
0.12  to  0.18  mm  for  various  CEBAF  operation  modes. 
The  data  of  all  three  monitors  were  in  very  good 
agreement  with  each  other. 

The  typical  beam  requirements  from  the  Hall  A  users 
are  5  GeV  energy  and  100  A  intensity.  The  SLI  beam 
size  measurement  time  for  these  currents  and  energy  and 
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with  D=5  mm  is  about  1  second.  Since  the  amount  of  the 
emitted  synchrotron  light  is  proportional  to  the  beam 
energy  and  intensity,  the  optimal  video  camera  exposure 
time  for  each  CEBAF  operation  mode  can  be  calculated. 
Our  experimental  results  have  confirmed  these 
calculations. 

The  resolution  of  the  SLI  depends  on  the  distance 
between  slits  D  and  can  be  estimated  with  the  use  of 
equation  (2).  For  example,  if  D=5  mm,  then  10  pm 
difference  at  the  beam  size  120  pm  makes  more  than  3  % 
difference  in  the  visibility.  Since  the  image  processing 
system  easily  calculates  the  visibility  of  the  CCD  image 
with  1%  accuracy,  we  can  measure  the  beam  size  120  pm 
with  the  resolution  better  than  10  pm. 

CONCLUSIONS 

The  main  goals  of  the  SLI  project  at  Jefferson  Lab  have 
been  achieved.  It  was  demonstrated  that  the  synchrotron 
light  interferometer  technique  could  successfully  be  used 
for  CEBAF  beam  diagnostic  applications.  We  have  built 
an  automated  SLI  that  is  easy  to  replicate  at  the  other 
accelerator  locations. 

The  SLI  is  completely  non-invasive  and  can  monitor 
the  profile  of  a  few  microampere  electron  beam.  Future 
applications  of  this  device  include  precise  energy  spread 
monitoring  (dE/E<3  10'5)  that  is  required  by  some  nuclear 
physics  experiments. 

We  have  gained  a  great  experience  in  the  SLI  technique 
and  operation.  The  most  difficult  problem  during  the  SLI 
installation  in  the  accelerator  tunnel  was  the  alignment  of 
all  its  optical  components  around  the  optical  axis  formed 
by  the  used  mirrors.  We  are  planning  to  implement  some 
modifications  in  the  synchrotron  light  interferometer 
structure  that  would  be  very  helpful  for  the  future 
synchrotron  light  interferometer  projects.  For  example,  a 
possibility  to  use  a  He-Ne  laser  as  a  SLI  reference  light 
source  should  significantly  simplify  the  work  on  the  SLI 
installation  and  tests. 
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Figure  3.  Typical  SLI  interferograms  with  D=5  mm  (the 
upper  picture)  and  D=10  mm.  The  calculated  beam  size  is 
about  0.12  mm  in  both  cases. 
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DEVELOPMENT  OF  A  BPM  LOCK-IN  DIAGNOSTIC  SYSTEM* 

R  Dickson,  Jefferson  Lab,  Newport  News,  VA  23606,  USA 


Abstract 

A  system  has  been  developed  for  the  acquisition  and 
analysis  of  high  rate,  time  coherent  BPM  data  across  the 
Jefferson  Lab’s  Continuous  Electron  Beam  Accelerator 
Facility  (CEBAF).  This  system  will  allow  the  acquisition 
of  Beam  Position  Monitor  (BPM)  position  and  intensity 
information  at  a  rate  in  excess  7  KHz  for  approximately 
200  BPMs  in  a  time  synchronous  manner.  By  inducing 
minute  sinusoidal  transverse  beam  motion  in  the  CEBAF 
injector,  with  known  phase  relative  to  the  synchronized 
BPM  acquisition,  it  is  possible  to  derive  several  types  of 
useful  information.  Analysis  of  the  BPM  intensity  data, 
which  is  proportional  to  beam  current,  by  beating  the 
signal  with  an  in-phase  sinusoidal  representation  of  the 
transverse  kick  can  localize  beam  scraping  to  a  particular 
BPM.  Similarly,  real-time  optics  information  may  be 
deduced  with  an  analysis  of  BPM  position  data.  This 
paper  will  detail  the  frequency  lock-in  technique  applied 
and  present  status. 

INTRODUCTION 

The  CEBAF  accelerator  is  a  five  pass  CW  recirculator, 
which  can  reach  an  energy  of  6.067  GeV.  It  consists  of  a 
67  MeV  injector,  two  superconducting  600  MeV  linacs, 
and  9  arcs  of  magnets  which  connect  the  linacs  for  beam 
recirculation.  See  figure  1. 

The  accelerator’s  BPM  system  includes  more  than  850 
BPMs,  controlled  by  two  different  types  of  electronics, 
distributed  across  a  network  of  30  Input  Output 
Controllers  (IOCs).  Of  interest  in  this  discussion  is  one  of 
the  two  types  -  the  Switched  Electrode  Electronics  (SEE) 
BPM  [1]  system,  hereafter  referred  to  simply  as  BPM. 

In  order  to  improve  machine  reproducibility  and  reduce 
beam  tune  time,  a  differential  orbit  ‘30  Hz’  measurement 
system  is  used.  This  system  makes  it  possible  to  track  and 
correct  machine  optics  by  measuring  the  differential 
response  generated  by  perturbations  of  the  beam.  By 
means  of  a  small  set  of  correctors,  one  can  induce  a  beam 
perturbation  at  a  frequency  of  30  Hz.  The  effect  of  this 
perturbation  is  potentially  apparent  at  any  BPM  point  in 
the  machine.  The  BPM  system  performs  data  acquisition 
at  60  Hz  synchronized  with  the  beam  pulse.  The  choice  of 
30  Hz  as  the  perturbation  frequency  enables 
synchronization  of  every  other  beam  pulse  to  the  positive 
or  negative  crest  of  the  perturbation  signal. 

This  system  is  limited  to  operation  with  60  Hz  pulsed 
beam  due  to  the  relatively  large  magnitude  of  kick 
applied,  and  is  not  used  with  continuous  wave  (CW)  beam 
for  machine  protection  reasons.  Since  the  machine  end- 
users  are  interested  in  delivery  of  continuous  beam,  this 
system  is  generally  only  used  during  machine  set  up  or  as 

*  Supported  by  DOE  Contract  #DE-AC05-84ER40150 


a  diagnostic  tool  when  problems  arise.  Obtaining  a  similar 
diagnostic  tool  that  is  usable  during  CW  beam  delivery  is 
desirable.  The  development  of  such  a  tool  is  the  focus  of 
this  paper. 


SYSTEM  COMPONENTS 

The  ability  to  create  a  real-time,  CW-beam,  differential 
orbit  diagnostic  tool  requires  leveraging  and  integrating 
several  existing  lab  diagnostic  systems.  These  include  the 
lab’s  Beam  Scraping  Monitor  (BSM),  30  Hz  Timing 
Synchronization  System  (TSS),  and  FastSee  high  speed 
BPM  data  acquisition  system.  Each  of  these  systems  are 
overviewed  below. 

The  BSM  system  [2]  applies  a  minute  perturbation  to 
the  transverse  beam  orbit  and  detects  resultant  current 
fluctuations  due  to  beam  scraping.  The  kick  is  applied 
with  air-core  magnets  in  the  machine’s  injector  at  four 
distinct  frequencies.  Two  frequencies  are  applied  to  each 
of  the  horizontal  and  vertical  axes.  For  each  single  axis, 
two  kicks  are  spaced  at  roughly  90  degrees  of  relative 
betatron  phase  advance.  The  resultant  differential  orbit  is 
of  magnitude  well  below  100  microns.  Four  lock-in 
amplifiers  are  used  to  generate  the  perturbation  signals 
and  detect  the  beam  current  effect  at  the  same  frequency 
and  phase  using  as  input  an  attached  beam  current 
monitor  (BCM)  cavity. 

The  accelerator  has  its  own  60  Hz  AC  line 
synchronized  global  timing  reference  called  the  Beam 
Sync.  The  BPM  system  uses  this  signal  for  data 
acquisition  synchronization.  The  purpose  of  the  TSS  [3]  is 
to  allow  the  60  Hz  BPM  system  awareness  of  the  polarity 
of  the  30  Hz  diagnostic’s  kick  at  each  acquisition.  The 
hardware-based  TSS  uses  one  master  clock  module  and 
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multiple  slave  clock  modules.  These  3U  sized  cards  share 
the  VME  bus  with  the  SEE  BPM  front  end  (IOCs).  The 
communication  flow,  from  master  to  slave  boards,  occurs 
over  a  single  fiber  optic  line  originating  from  the  master. 
Each  card  has  a  fiber  optic  receiver  and  repeating 
transmitter.  The  last  card  in  the  chain  is  connected  back  to 
the  master.  This  enables  the  master  to  perform  a 
continuity  test  of  the  entire  link.  Like  the  beam  synch,  the 
frequency  of  the  message  passing  is  AC  line  synchronized 
60  Hz.  The  message  from  the  master  to  the  slave  timing 
modules  contains  status  and  global  synchronization 
information.  Since  the  sole  usage  of  its  fiber  link  is  for 
this  timing  synchronization  and  there  is  only  one  source 
of  messages,  this  system  guarantees  synchronization  to  a 
time  approximately  equal  to  the  maximum  round  trip  time 
for  a  message.  Worst-case  delay  from  received  input  to  re¬ 
transmitted  output  per  module  is  less  than  l.Susec.  In  a 
complete  implementation,  with  up  to  100  IOCs 
participating,  the  total  round  trip  time  will  be  ISOusec. 
This  is  far  more  accurate  than  needed  to  identify  one 
16.67  millisecond  beam  synch  period  from  another. 

The  standard  data  acquisition  mode  of  the  BPM  system 
digitizes  position  and  beam  current  dependent  intensity 
information  at  an  effective  rate  of  60Hz.  This  data  is 
further  averaged  to  update  operator  displays  at  a  1  Hz 
rate.  A  high-speed  mode  exists  to  provide  the  display  of 
position  and  intensity  at  the  maximum  rate  possible  for 
the  BPM  electronics  in  the  form  of  time-domain  X-Y 
plots  and  Fast  Fourier  Transforms  (FFT).  This  mode  is 
named  the  FastSee  system.  There  are  two  flavors  of  SEE 
BPM  electronics.  One  operates  at  a  maximum  data 
acquisition  rate  of  7.1  KHz  and  the  other  at  125  KHz.  For 
simplicity  of  discussion,  the  7.1  KHz  version  will  be 
assumed  in  the  following  discussion. 

INTERGRATING  COMPONENTS  TO 
THIS  LOCK-IN  SYSTEM 

This  lock-in  system  uses  the  differential  orbit  created 
by  the  BSM  kick  to  provide  a  display  indicative  of  the 
local  relative  phase  advance.  The  four  frequencies  at 
which  the  BSM  system  modulates  the  transverse  motion 
of  the  beam  are  805.3,  867.7,  934.7,  and  994.8  hertz. 
These  frequencies  were  somewhat  arbitrarily  selected,  but 
are  spots  of  relatively  low  background  noise  for  the 
machine. 

In  order  to  detect  this  motion,  the  FastSee  mode  of 
BPM  data  acquisition  is  required.  The  FastSee  data  are 
beat  with  a  sinusoid  matching  each  of  the  BSM  drive 
signals  in  order  to  extract  the  magnitude  of  motion  and 
beam  current  fluctuations  at  those  frequencies.  Data 
acquisition  with  common  synchronization  is  required  to 
provide  a  meaningful  representation  of  this  magnitude 
across  the  multiple  BPM  systems  of  the  accelerator.  The 
TSS  system  provides  the  mechanism  for  accomplishing 
this.  Each  second,  a  time  hack  is  sent  across  the  TSS  fiber 
link  from  the  master  that  correlates  the  next  second’s  59 
TSS  messages  for  all  BPM  IOC’s.  A  sub-second  batch  of 
FastSee  data  is  triggered  using  this  one-second  time  hack 


as  a  reference.  This  assures  that  all  BPM’s  in  the 
accelerator  can  gather  a  coincident  burst  of  FastSee 
position  and  current  intensity  data. 

The  beating  sinusoid  is  constructed  for  each  FastSee 
data  acquisition  burst  to  match  the  phase  and  frequency  of 
the  BSM  drive  signal.  The  frequencies  are  fixed  and 
known.  They  are  simply  the  set  points  for  the  BSM  lock- 
in  amplifiers,  as  listed  previously.  The  phase  angle 
relative  to  the  FastSee  data  is  dynamic  and  unknown.  It  is 
measured  using  a  VMIC-3114  analog  to  digital  converter 
(ADC)  triggered  at  the  initiation  of  the  FastSee 
acquisition  burst.  The  ADC’s  inputs  are  the  four  BSM 
drive  signals.  This  ADC  is  part  of  a  dedicated  system  that 
then  relays,  via  the  site  network,  the  phase  information  to 
all  BPM  IOC’s  for  construction  of  the  beating  sinusoid. 

The  magnitude,  at  each  BPM,  of  the  current  and 
position  fluctuations  due  to  the  four  perturbations  are  then 
displayed  graphically  for  accelerator  staff  study. 

PRESENT  STATUS  AND  FUTURE  PLANS 

This  system  is  in  the  process  of  initial  testing.  Problems 
are  being  addressed  regarding  data  stability.  Differential 
data  are  reasonable,  if  not  completely  stable. 

In  the  future  it  will  be  desirable  to  replace  the  VMIC- 
3114  ADC  with  dedicated  similar  functionality  on  the 
TSS  boards.  Phase  measurements  of  the  BSM  drive 
signals  will  then  be  possible  with  much  greater  accuracy 
and  with  less  software  complexity. 

It  will  also  be  desirable  to  place  perturbation  sources  in 
other  locations  of  the  accelerator  in  addition  to  the 
injector.  At  a  minimum,  replicating  the  points  of 
excitation  for  the  pulsed  beam  mode  30  Hz  system  is 
desirable.  This  would  allow  direct  comparison  with  the 
two  systems  and  a  more  seamless  interface  for  accelerator 
staff. 

By  beating  the  FastSee  intensity  data  with  a  sinusoid  of 
twice  the  BSM  frequency  detection  of  aperture  scraping 
would  be  possible. 
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Large  dynamic  range  (Peak /Noise  >  105)  beam  pro¬ 
file  measurements  are  routinely  performed  in  the  Hall-B 
beamline  at  Jefferson  Lab.  These  measurements  are  made 
with  a  1  to  lOnA  electron  beam  current  with  energies  be¬ 
tween  1  to  6  GeV.  The  electron  beam  scatters  off  of  a  thin 
(25fim)  W  or  Fe  wire  and  the  scattered  particle/shower 
is  detected  via  scintillation  or  Cerenkov  light  several  me¬ 
ters  downstream  of  the  wire.  This  light  is  converted  to 
an  electrical  pulse  via  photomultiplier  tubes  (PMT).  The 
PMT  readout  and  wire  motion  are  controlled  and  synchro¬ 
nized  by  VME  electronics.  This  report  describes  results 
on  increasing  the  dynamic  range  by  using  multiple  wires 
of  varying  diameters.  Profile  measurements  with  this  large 
dynamic  range  can  be  of  use  for  machines  with  very  large 
beam  currents  (e.g.  energy  recovering  linacs)  where  any 
fractional  beam  loss  represents  a  significant  amount  of 
beam  power[l,  2]. 

INTRODUCTION 

Experiments  with  the  CLAS  detector  [3]  in  end-station  B 
(Hall-B)  at  Jefferson  Lab  (JLAB)  place  strict  requirements 
on  the  beam  halo  due  to  the  small  diameter  target  window 
(4mm).  The  target  window  frame  represents  a  large  amount 
of  material  when  compared  to  that  of  the  target.  Halo  out¬ 
side  of  4mm  that  interacts  in  the  target  frame  could  easily 
cause  an  event  rate  comparable  to  that  of  interactions  in  the 
target  proper. 

The  beam  profile  is  measured  by  correlating  a  wire  scan¬ 
ner  position  with  count  rates  in  PMTs  located  downstream 
of  the  wire  scanner.  Due  to  the  low  operating  beam  current 
in  Hall-B,  typically  1  to  lOnA,  the  PMT’s  can  be  operated 
in  “count  mode”.  The  electron  scatters  from  the  wire  via 
several  mechanisms  with  bremsstrahlung,  and  Mpller  scat¬ 
tering  dominating.  The  scattered  electron  or  subsequent 
shower  causes  the  PMT  to  respond  either  by  Cerenkov  light 
in  the  quartz  window  or  by  direct  impact  on  the  cathode  of 
the  PMT.  This  technique  typically  measures  the  beam  pro¬ 
file  with  Peak /Noise  >  105  response. 

The  dynamic  range  of  105  satisfies  the  experimenter’s 
requirements,  and  often  the  beam  profile  is  Gaussian  over 
the  complete  dynamic  range.  In  order  to  observe  and  mea¬ 
sure  beam  halo  with  more  sensitivity  a  new  wire  scanner 
with  wires  of  multiple  diameters  was  installed.  Addition¬ 
ally  background  suppression  using  Mpller  coincidences  is 
explored. 

*  This  work  is  supported  by  the  Southeastern  Universities  Research  As¬ 
sociation  (SURA)  which  operates  the  Thomas  Jefferson  National  Accel¬ 
erator  Facility  (JLAB)  for  the  United  States  Department  of  Energy  under 
contract  DE- AC05 -84ER40 150. 


The  wire  scanner  assembly  consists  of  a  linear  actuator 
with  5  inches  of  travel.  The  actuator  is  driven  by  a  step¬ 
per  motor,  which  drives  the  wire  support  structure  into  the 
beam  axis.  The  wire  configuration  and  support  frame  are 
shown  in  Figure  1.  The  wire  support  is  driven  at  a  45° 
with  respect  to  the  horizontal  axis,  which  enables  both  the 
X  and  Y  profiles  to  be  measured  with  one  axis  of  motion. 
The  wire  configuration  consists  of  25jum  diameter  X  and  Y 
wires,  1mm  diameter  X  and  Y  wires  and  a  1mm  x  10mm  X 
plate.  All  wires  are  made  out  of  Fe  for  consistency  and  the 
plate  is  stainless  steel  for  convenience. 

The  PMTs  [4]  which  detect  the  resulting  scattered  elec¬ 
tron  or  shower  are  located  5m  downstream  of  the  wire  scan¬ 
ner.  The  distance  between  the  wire  scanner  and  PMTs 
is  optimized  for  symmetric  Mpller  scattering  at  beam  en¬ 
ergy  of  5  GeV.  Four  2”  diameter  PMTs  are  installed  out¬ 
side  of  a  3”  diameter  beam  pipe,  located  in  the  follow¬ 
ing  configuration:  top,  bottom,  beam  left,  and  beam  right. 
The  top-bottom  PMT  pair  uses  Cerenkov  light  in  the  quartz 
window  to  detect  the  scattered/showering  particle(s).  The 
left-bottom  PMT  pair  has  0.5”  scintillator  in  addition  to 
the  quartz  window  for  detection  of  the  scattered/showering 
particle(s).  The  PMT  signals  are  discriminated  and  counted 
via  a  VME  scaler.  In  addition  to  counting  the  individual 
PMT  rates,  the  top-bottom  and  left-right  coincidence  rates 
are  fed  to  the  scaler.  These  coincidence  rates  are  poten¬ 
tially  cleaner  than  the  individual  rates,  however  the  indi¬ 
vidual  rates  from  the  quartz  only  PMT’s  are  already  quite 
clean.  In  addition  to  the  PMT  rates,  signals  proportional  to 
the  beam  current  are  also  scaled  and  are  used  to  normalize 
the  PMT  rates  to  the  beam  current. 

Both  the  stepper  motor  controller^]  and  PMT  scalers[6] 
are  VME  modules  contained  within  the  same  VME  crate. 
EPICS  controls [7]  are  used  for  both  devices  and  state  code 
is  used  to  synchronize  the  motor  motion  and  scaler  readout. 
During  a  wire  scan  the  motor  position  and  scaler  values  are 
written  to  a  file  for  further  analysis.  The  minimum  time 
between  scaler  reads  is  ~  ^sec  and  is  determined  by  the 
maximum  update  rate  on  the  motor  position.  The  motor 
speed  and  time  between  scaler  reads  are  configurable  at  the 
beginning  of  each  scan. 

Scans  were  taken  in  Hall-B  with  a  1  GeV  electron  beam 
with  6  nA  of  beam  current.  Scans  were  taken  periodically 
over  several  days,  while  trying  to  optimize  the  motor  speed 
and  scaler  read  rate.  A  slow  motor  speed  results  in  a  high 
number  of  data  points  that  allow  better  matching  between 
the  25/im  and  1mm  wire  or  plate  data.  However,  a  slow 
scan  speed  (0.125mm/sec)  often  resulted  in  an  incomplete 
wire  scan  due  to  a  beam  trip.  During  these  scans  CEBAF 
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was  delivering  beam  (1  —  40/zA)  to  the  other  two  experi¬ 
mental  halls  (Halls  A  &  C). 


Figure  1:  Mechanical  schematic  of  the  wire/plate  support 
structure.  The  thin  wire  is  25/zm  in  diameter.  The  thick 
wire  is  1mm  in  diameter.  The  plate  is  1mm  by  10mm.  The 
wire  frame  is  moved  into  the  beam  along  a  45°  axis  with 
respect  to  the  horizontal  axis. 


ANALYSIS 

Once  a  scan  file  has  been  written  to  disk,  offline  analy¬ 
sis  must  be  performed  to  combine  the  25/zm  wire  data  with 
the  1mm  wire  or  plate  data.  The  technique  used  is  similar 
to  that  found  in  Ref.  [8].  The  beam  size  is  small  com¬ 
pared  to  the  1mm  wire  diameter  and  the  X  plate.  There¬ 
fore  this  data  must  be  differentiated  before  combining  with 
the  25/zm  wire  data.  In  order  to  determine  the  scale  factor 
and  position  alignment  a  x2  minimization  is  performed  to 
match  the  25/zm  data  with  the  differentiated  data.  Noise  is 
suppressed  on  the  25/zm  wire  data  sample,  by  only  using 
data  with  more  than  10  counts. 

Naively  one  expects  a  scale  factor  of  1600  for  the  1mm 
wire,  based  on  the  square  of  the  ratio  of  the  wire  diameters. 
The  scaler  factor  for  the  match  between  the  1mm  wire  data 
and  the  25/zm  wire  data  had  a  range  between  1400  and  1 900 
for  the  scans  that  were  taken.  On  each  individual  scan  there 
are  four  matches  that  need  be  performed,  two  sides  of  two 
profiles.  The  minimum  scale  factor  of  the  four  (1400)  is 
used  to  match  the  1mm  data  with  the  25/zm  data. 

The  scale  factor  for  the  X  plate  data  will  depend  on 
the  extent  of  the  beam  in  the  X  dimension.  Again  a  x2 
minimization  is  performed  and  scale  factor  is  found  to  be 
-  1750. 

Once  the  data  has  been  combined  it  is  fitted  to  the  fol¬ 
lowing  functional  form 

F  =  b  +  G(Acore ,  oCOTe ,  mean)  +  G  (Ahaio ,  &haio  >  mean) 

(1) 

where  the  G  represents  a  Gaussian  function  and  b  is  a 
constant  background  term.  Both  the  core  Gaussian  and  the 
halo  Gaussian  have  the  same  mean. 

RESULTS 

Figure  2  shows  the  X  and  Y  beam  profile  obtained  us¬ 
ing  a  motor  speed  0.125mm/sec.  A  clear  halo  is  observed 
with  the  1mm  wire  data,  which  is  too  small  to  be  observed 
with  the  25/zm  wire.  The  parameters  determined  by  the  fit 


are  listed  in  Table  1 .  Figure  3  shows  the  X  profile  for  the 
same  scan  using  the  1  x  10mm2  plate  data.  The  parameters 
determined  by  the  fit  to  the  plate  data  agree  with  those  ob¬ 
tained  with  the  1mm,  see  Table  1  suggesting  that  the  scale 
factor  is  properly  determined. 

Figure  4  shows  the  X  and  Y  beam  profile  obtained  using 
a  motor  speed  0.250mm/sec.  This  scan  also  shows  a  clear 
halo  component,  slightly  larger  than  that  found  in  Figure 
2.  These  parameters  determined  by  the  fit  for  this  scan  and 
others  not  shown  here  are  tabulated  in  Table  1 . 


Figure  2:  Beam  Profile  combining  the  25/zm  and  1mm  Fe 
wire  data.  The  top(bottom)  plot  shows  the  X(Y)  data  and 
results  of  the  fit  to  the  data.  The  red  points  represent  the 
1mm  wire  data,  the  green  points  the  25/zm  wire  data,  the 
blue  curve  is  the  overall  fit  to  the  data  and  the  red  curve 
is  the  halo  portion  of  the  fit.  The  ordinate  is  plotted  with 
a  log-scale  and  the  count  rate  is  normalized  to  the  beam 
current. 


The  figures  show  a  signal  Peak/Noise  ratio  of  ~  108 
which  is  an  improvement  over  the  existing  system  With 
this  increased  dynamic  range  small  amount  of  beam  halo 
has  been  observed  in  the  Hall-B  end-station.  The  source 
of  die  halo  is  unknown.  Although  the  fact  that  the  level 
of  halo  changed  by  several  orders  magnitude  over  several 
days,  suggests  that  the  source  is  an  artifact  of  something 
changing  in  the  accelerator. 

The  algorithms  to  merge  the  data  sets  have  been  devel¬ 
oped  and  will  continue  to  be  improved  so  that  the  merged 
profiles  can  be  obtained  shortly  after  the  scan  has  been 
completed.  This  will  result  in  a  quicker  feedback  to  the 
operators  and  perhaps  in  isolating  the  source  of  this  halo. 
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Table  1:  Profile  parameters  obtained  by  fitting  the  data  to  the  sum  of  two  Gaussian  functions  with  a  common  mean  for  all 
the  scans. 


Date 

&core  [X|(mm) 
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Figure  3:  X  Beam  Profile  combining  the  25  pm  and  1  x 
10mm2  steel  plate  data.  The  red  points  represent  the  1mm 
wire  data,  the  green  points  the  25  pm  wire  data,  the  blue 
curve  is  the  overall  fit  to  the  data  and  the  red  curve  is  the 
halo  portion  of  the  fit.  The  ordinate  is  plotted  with  a  log- 
scale  and  the  count  rate  is  normalized  to  the  beam  current. 


ACKNOWLEDGMENTS 

The  author  thanks  the  Hall-B  staff  and  CLAS  collabora¬ 
tors  for  beamtime  to  perform  these  measurements.  Thanks 
also  to  M.  Zarecky  and  D.  Kashy  for  engineering  and  de¬ 
sign  support.  The  CEBAF  operations  staff  efforts  to  deliv¬ 
ery  stable  beam  during  these  measurements  is  also  greatly 
appreciated. 

REFERENCES 

[1]  A.  Bogacz,  et  al ,  Energy  Recovery  at  JLAB,  these  proceed¬ 
ings. 

[2]  C.  Tennant,  et  al ,  “Beam  Characterization  in  the  CEBAF- 
ER  Experiment”,  these  proceedings. 

[3]  B.  Mecking,  et  al ,  ‘The  CEBAF  Large  Acceptance  Spec¬ 
trometer  (CLAS)”,  to  be  published  in  NIM-A  2003. 

[4]  XP2622  photomultiplier  tubes  from  Photonics  Corporation 
(formerly  Phillips),  www.photonics.com. 

[5]  VME  VS4  stepper  motor  control  from  Oregon  Micro  Sys¬ 
tems,  www.omsmotion.com. 


Y(mm) 

Figure  4:  Beam  Profile  combining  the  25pm  and  1mm  Fe 
wire  data.  The  top(bottom)  plot  shows  the  X(Y)  data  and 
results  of  the  fit  to  the  data.  The  red  points  represent  the 
1mm  wire  data,  the  green  points  the  25pm  wire  data,  the 
blue  curve  is  the  overall  fit  to  the  data  and  the  red  curve  is 
the  halo  portion  of  the  fit.  The  ordinate  is  plotted  on  a  log- 
scale  and  the  count  rate  is  normalized  to  the  beam  current. 

[7]  Experimental  Physics  and  Industrial  Control  System 
(EPICS),  http://www.aps.anl.gov/epics. 

[8]  J.H.  Kamperschroer,  et  al ,  “Analysis  of  Data  from  the 
LEDA  Wire  Scanner/Halo  Scraper”,  Proceedings  of  the 
2001  Particle  Accelerator  Conference,  Chicago. 


[6]  VME  scaler,  VSC16,  from  Joerger  Electronics, 
www.joergerinc.com. 


2567 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


TUNNELING  IONIZATION  BUNCH  LENGTH  MONITOR  FOR  THE 
ULTRARELATIVISTIC  COMPRESSED  ELECTRON  BEAMS 

A.  Murokh*,  UCLA,  CA  90095-1547,  USA 


Abstract 

The  electric  field  intensity  of  the  compressed  ultra- 
relativistic  electron  beams  is  approaching  GV/m  levels, 
which  is  sufficient  to  cause  observable  tunneling  effect  in 
the  low  band  gap  materials.  In  this  article  the  tunneling 
ionization  rate  is  estimated  for  the  experimentally 
available  electron  beam  parameters,  and  a  proposed  proof 
of  principle  experiment  is  outlined.  Tunneling  effect  has 
exponential  dependence  on  the  electric  field  strength;  thus 
being  very  sensitive  to  the  electron  beam  peak  current. 
This  non-linear  dependence  opens  up  a  possibility  to 
construct  inexpensive,  single  shot  and  non-destructive 
peak  current  diagnostics  for  the  ultrarelativistic 
compressed  electron  beams. 

INTRODUCTION 

As  the  advanced  photo-injector  facilities  around  the 
world  utilize  bunch  compression  techniques  to  enhance 
brightness  in  the  beams  [1-2],  the  ability  to  measure  peak 
currents  of  such  beams  become  critical  to  the  successful 
facility  operations.  The  techniques  employed  for  such 
measurements  include  deflecting  cavities  [3],  streak 
cameras,  CTR  monitors  (Coherent  Transition/Diffraction 
Radiation)  [4]  and  electro-optical  systems  [5].  All  these 
techniques  have  been  used  in  the  past,  yet  they  have 
significant  limitations.  Deflecting  cavities  are  destructive 
to  the  beam,  streak  cameras  do  not  have  sufficient 
resolution  for  sub-picosecond  beams,  CTR  measurements 
are  time  consuming  and  the  data  analysis  requires  making 
assumptions  about  the  beam  shape  [6],  and  electro-optical 
techniques  require  rather  sophisticated  experimental 
apparatus. 

In  the  same  time,  for  the  advanced  facilities,  such  as 
LCLS  (Linear  Coherent  Light  Source),  accurate  peak 
current  measurements  are  not  only  essential  for  the  proper 
characterization  of  the  beam,  but  could  also  provide  a 
unique  opportunity  to  serve  as  a  feedback  to  compensate 
for  the  fast  drifts  in  the  RF  phase  of  the  injector/linacs  [7]. 
Indeed,  the  peak  current  of  the  electron  beam,  once  it  is 
subject  to  bunch  compression  in  the  chicane,  become 
most  sensitive  to  the  minor  variation  in  the  RF  phase. 
The  ability  to  make  single  shot,  non-destructive,  direct 
measurements  of  the  peak  current  in  a  simple  and  easily 
interpretable  way  would  be  of  the  great  value  as  both 
diagnostic  technique  and  feedback  mechanism. 

Even  the  fastest  electronic  devices  such  as  ICT  or 
stripline  monitors  rely  on  the  processes  of  much  longer 
timescale  than  a  time  structure  of  the  picosecond  electron 
beams  which  are  subject  of  the  interest.  As  a  result  the 
measurements  become  integrated  over  the  bunch  length 
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and  not  sensitive  to  the  longitudinal  profile  of  the  beam. 
One  physical  process,  however,  which  has  much  shorter 
characteristic  time  is  quantum  tunneling,  which  takes 
place  when  the  dielectric  material  is  exposed  to  the 
intense  electric  field.  The  tunneling  process  has  a  time 
scale  of  the  order  t~h/kT  (which  is  about  100 
femtoseconds  for  7-77  K).  Most  importantly,  the  rate  of 
quantum  tunneling  is  exteremly  sensitive  to  the  peak 
field,  rather  than  the  time-integrated  radiation  intensity 
flux.  Hence,  if  one  would  observe  the  tunnneling  process 
in  the  material  sample  placed  near  the  path  of  the 
ultrarelativistic,  high  current  electron  beam,  the  rate  of  the 
process  will  be  most  sensitive  to  the  peak  current  in  the 
beam,  rather  than  the  integrated  charge  in  the  bunch. 

This  feature  makes  potential  quantum  tunneling  device 
an  attractive  alternative  for  the  fast  electron  beam 
diagnostics.  In  this  paper  it  is  proposed  to  use  quantum 
tunneling  effect  induced  in  the  doped  semiconductor 
materials  by  the  bulk  electric  field  of  the  ultrarelativistic 
compressed  electron  beam  as  a  single-shot  non¬ 
destructive  peak  current  monitor. 

STATIC  TUNNELING  MODEL 

Tunneling  related  effects  induced  by  the  powerful  laser 
beams  have  been  thoroughly  studied  both  theoretically 
and  experimentally  in  the  recent  years  [8].  The  static 
probability  of  direct  tunneling  in  the  electric  field  has 
exponential  dependence  on  the  field  strength  [9], 

/p.\5/2  F 

'•'W-Mi)  Jr 5B  EW  ® 

where  co0=2jralmeci/h  is  the  atomic  frequency  unit,  E\  and 
Eh  are  the  ionization  potentials  of  the  sample  material  and 
hydrogen  respectively,  E(t)  is  time-dependent  electric 
field  strength,  and  E^e/4m^  is  an  atomic  unit  of  the 
electric  field.  In  the  laser  induced  tunneling  experiments 
the  observed  ionization  rate  become  frerquency 
dependent  below  far  infrared  wavelength  of  the  applied 
radiation.  Interpolating  these  findings  towards  the 
electron  beam  induced  tunneling,  one  would  obtain  the 
limit  where  static  formalism  applies  [10], 

^2  p2 

Ei  <  U  =  — ^-OT2  (2) 

4  me 

where  oT  is  the  bunch  length. 
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This  condition  may  not  be  satisfied,  for  instance  in  the 
case  of  the  low  charge  bunches,  or  if  the  electron  beam 
field  is  microbunched  at  the  higher  frequencies.  In  that 
case,  following  the  analogy  with  the  theory  of  the  laser 
induced  tunneling,  the  process  deviates  from  the  static 
limit  (1)  and  become  frequency  dependent,  being 
dominated  by  phonon-assisted  ionization  in  solids  [10],  or 
multi-photon  absorption  in  gases  [11].  For  the  typical 
high  brightness  electron  beam  of  the  interest  here,  the 
condition  given  in  (2)  is  satisfied;  hence,  below  only  the 
static  tunneling  ionization  model  will  be  considered. 
Clearly,  more  detailed  analysis  in  the  future  should 
consider  all  the  relevant  processes. 

Using  the  static  tunneling  model,  one  can  calculate  the 
physically  achievable  electron  beam  parameters,  where 
the  effect  can  be  observed.  For  a  typical  high  brightness 
ultrarelativistic  electron  beam  ( y>  100)  the  electric  field 
temporal  profile  mirrors  the  shape  of  the  electron  beam 
longitudinal  distribution,  as  long  as  it  is  sampled 
sufficiently  close  to  the  beam  path: 

(3) 

AKSorC 

Given  post-compression  electron  beam  peak  currents 
values  of  the  order  7peak  ~  1  KA,  the  field  intensity  reaches 
up  to  100  MV/m,  as  far  as  few  millimiters  away  from  the 
beam  path. 

Such  field  intensities  are  generally  not  sufficient  to 
generate  observable  tunneling  ionization  in  the  dielectrics 
at  the  room  temperature  (which  typically  have  a  band  gap 
of  around  10  eV).  However,  if  one  would  use  low  band 
gap  doped  semiconductor  materials  the  field  of  that 
amplitude  can  generate  an  observable  tunneling 
ionization.  Of  course,  the  target  material  should  be 
cooled  under  liquid  nitrogen,  so  that  the  free  carriers 
generation  could  be  dominated  by  quantum  tunneling 
effect  and  not  the  thermal  noise.  For  instance,  in  doped 
germanium  (which  was  used  in  the  measurements  shown 


Figure  1 :  Static  tunneling  probability  for  the  gold 
impurities  in  germanium  target  placed  3  mm  away  from 
the  path  of  1  nC  ultrarelativistic  electron  beam. 


Liquid  Nitrogen  Cooler 
/ 


Sample  material 


G 

>  4 

Vacuum  Chamber 

/ 

Figure  2:  Experimental  apparatus  to  measure  tunneling 
effect  in  the  field  of  the  electron  beam.  Nitrogen  cooled 
semiconductor  sample  is  placed  near  the  beam  path  with 
the  bias  voltage  applied.  Current  induced  by  the  beam 
passage  would  be  mostly  due  to  the  tunneling  at  the 
dopant  sites. 


in  [10]),  the  ionization  energy  for  deep  impurities  is  of  the 
order  of  E\  ~  1 00  meV.  In  such  materials,  deep  impurities 
tunneling  ionization  has  been  extensively  studied  in  the 
fields  of  the  THz  laser  beams  [12],  which  intensities  were 
similar  or  smaller  than  the  field  values  in  quest. 

As  an  example,  one  can  consider  cooled  Ge:Au  sample 
(Ei  -  150  meV),  and  1  nC  electron  beam  passing  3  mm 
away  from  the  target.  The  ionization  rate  calculated 
through  time  integration  of  the  equation  (1)  will  exhibit 
near  exponential  dependence  on  the  electron  beam  peak 
current  (Figure  1). 

EXPERIMENTAL  CHALLENGES 

To  conduct  a  proof  of  principle  experiment,  one  has  to 
cool  the  sample  material  down  to  the  liquid  nitrogen 
temperature,  in  order  to  minimize  the  thermal  noise 
(Figure  2).  When  bias  voltage  (usually  of  the  order  of  5 
V)  is  applied,  and  electron  beam  is  not  present,  there 
should  be  no  current  in  the  circuit.  However,  when  a 
high  peak  current  electron  beam  passes  near  the  biased 
sample,  tunneling  ionization  at  impurities  sites  "opens 
up"  the  circuit  and  the  charge  flow  can  be  measured.  In 
that  case  the  integrated  charge  flux  through  the  circuit 
should  be  a  very  non-linear  function  of  the  electron  beam 
peak  current.  Following  the  model  shown  in  Figure  1,  a 
10  %  variation  in  the  electron  beam  peak  current  should 
lead  to  the  order  of  magnitude  change  in  the  measured 
signal  area.  Having  such  device  in  the  beamline,  would 
enable  to  observe  non-destructively  very  small  changes  in 
the  electron  beam  peak  current  and  compensate  for  them 
if  needed.  Proper  calibration  against  some  other 
diagnostics  may  even  allow  the  absolute  measurements. 

As  the  electron  beam  field  strength  decays  radialy,  two 
identical  samples  should  be  placed  symmetrically  around 
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the  path  of  the  beam.  That  would  allow  reducing 
measurement  errors  associated  with  the  beam  position 
jitter.  In  fact,  to  remove  the  errors  associated  with  the 
jitter  in  both  planes  one  can  consider  the  4  samples 
system,  which  can  also  act  like  a  BPM  (Beam  Position 
Monitor),  similar  to  the  stripline. 

To  improve  signal  to  noise  ratio,  it  is  critical  to  prevent 
the  target  material  from  being  irradiated  by  the  shorter 
wavelength  sources.  Particularly  problematic  could  be 
IR,  optical  and  X-ray  radiation  produced  by  the  electron 
beam  itself  upstream  along  the  beam  line.  Good  shielding 
material  to  reduce  such  problem  would  be  silicon,  which 
is  opaque  for  the  optical  wavelengths,  and  yet  have 
relatively  low  index  of  refraction  for  the  electron  beam 
induced  field. 

Another  important  consideration  is  secondary  ions 
produced  in  the  host  material.  The  tunneled  electrons  can 
be  accelerated  by  the  electron  beam  field  and  reach 
energies  above  the  ionization  potential  of  the  host 
material.  Such  electrons  would  ionize  host  atoms, 
increasing  the  overall  ions  population,  and  such  process 
can  generate  a  correction  to  the  behaviour  presented  in  the 
Figure  1 ;  an  effect  somewhat  similar  to  the  one  postulated 
in  [13].  This  additional  ionization  enhancement  should  be 
an  important  factor  to  consider,  while  optimizing  the 
distance  from  the  electron  beam  path  to  the  sample  for  the 
specific  electron  beam  parameters. 

CONCLUSION 

The  concept  of  the  electron  beam  bulk  field  induced 
quantum  tunneling,  introduced  in  this  paper,  can  probably 
be  expanded  to  a  much  deeper  level  of  theoretical 
understanding,  which  at  present  is  way  beyound  the 
author's  horizon.  Yet  one  can  find  it  rather  meaningful  to 
conduct  a  pilot  experiment  and,  if  successful,  use  it  as  a 
reference  point  for  further  theoretical  investigation  of  the 
tunneling  phenomena.  Such  effort  would  not  only  be 
valuable  as  an  electron  beam  diagnostics  research,  but 
also  of  the  general  interest  to  the  material  science 
community. 
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Abstract 

The  University  of  Maryland  Electron  Ring  (UMER) 
group  is  currently  exploring  the  physics  of  space-charge 
dominated  beams.  Seventeen  Beam  Position  Monitors 
(BPMs)  will  be  used  to  determine  the  beam  centroid  for 
steering  correction  purposes  to  within  0.5  mm.  Since  the 
pulse  length  is  relatively  long  (100  ns),  the  BPMs  can 
also  be  used  for  temporal  beam  profiling.  These  features 
are  extremely  useful  for  perturbation  and  longitudinal 
dynamics  studies.  For  these  uses  the  BPM  needs  a 
temporal  resolution  better  than  2  ns.  We  report  on  the 
final  design  and  testing  as  well  as  other  unique  features  of 
this  device. 

INTRODUCTION 

The  University  of  Maryland  Electron  Ring  (UMER)  is 
designed  as  a  low-energy  recirculator  ring  for  studying 
the  physics  of  space-charged  dominated  beams  [1],  [2]. 
Since  the  parameters  of  UMER  can  be  scaled  to  those  of 
higher  energy  machines,  it  will  act  as  a  benchmark  for 
future  designs.  Although  UMER  is  compact  (11.52m 
circumference),  it  is  an  unusually  complex  device.  This 
complexity  coupled  with  its  operation  in  the  space-charge 
dominated  regime  requires  UMER  to  make  use  of 
multiple  diagnostics  and  controls  [3],  [4],  [5].  This  paper 
will  report  on  the  final  design  of  capacitive  beam  position 
monitors  (BPMs)  and  the  experimental  results  obtained 
using  them  in  the  areas  of  steering,  beam  profile,  current 
and  loss  monitoring.  For  these  applications,  the  BPM 
needs  spatial  resolution  better  than  0.5  mm  and  temporal 
resolution  better  than  2  ns. 

ENGINEERING  AND  DESIGN 

Both  mechanical  and  electrical  aspects  of  the  BPM 
have  been  upgraded  for  simplification  of  assembly  and 
improved  data  collection.  Currently,  UMER  is  utilizing 
ten  BPMs,  one  in  the  injector  and  one  in  each  of  the  nine 
ring  chambers  of  the  UMER  assembly.  The  final  UMER 
assembly  will  contain  a  total  of  seventeen  BPMs.  Due  to 
space  constraints;  we  will  only  discuss  the  changes  in 
design  since  the  last  publication  [6]. 

Mechanical  Design 

The  mechanical  design  has  been  simplified.  The 
number  of  individual  pieces  that  make  up  the  housing  has 
been  greatly  reduced.  This  cuts  the  construction  time  in 
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half  and  results  in  a  simple  and  robust  frame  for  the  BPM. 
Signals  are  collected  via  four  striplines  that  are  separated 
by  grounded  planes  and  separated  from  the  housing  by 
means  of  a  ceramic  encasing  ring.  This  ring  provides  a 
consistent  distance  between  the  collecting  plates  and  the 
grounded  housing,  ensuring  that  each  channel  of  the  BPM 
has  the  same  capacitance.  Each  stripline  forms  an  arc  of 
77°,  an  important  feature  held  over  from  the  old  design. 
It  can  be  shown  that  at  this  angle,  beam  displacement  in 
the  X  and  Y  dimensions  are  decoupled  [7]. 

Unlike  most  machines,  the  UMER  BPMs  are  not  a 
fixed  part  of  the  beam  line.  They  can  be  raised  out  of  the 
beam  line,  via  a  mechanical  actuator,  to  allow  an  attached 
phosphor  screen  flag  to  intercept  the  beam.  This  enables 
a  visual  inspection  of  position  and  internal  structure  of  the 
beam.  When  the  BPM  is  lowered  into  the  beam  line  a 
good  electrical  contact  is  maintained  between  the  housing 
and  beam  line  via  a  beryllium  copper  RF  shielding  mesh. 


Figure  1:  BPM  /  Phosphor  Screen  combination.  BPM 
inner  diameter  is  2  inches. 

Electrical  signals  from  the  BPMs  are  brought  by  50Q 
kapton  encased  transmission  line  to  a  vacuum  feed 
through  and  to  the  electronics. 

Electrical  Design 

The  BPM  buffering  circuit  has  been  redesigned  with  a 
high  enough  bandwidth  to  faithfully  reproduce  the  beam 
rise  and  fall  times.  The  buffer  amp  selected  has  a  -3db 
small  signal  bandwidth  of  750Mhz,  and  high  AC  input 
impedance  (Cin  =  l.OpF  and  Rin  =  700kQ).  This  input 
impedance  is  used,  along  with  the  capacitance  of  the 
collecting  plate,  to  create  the  necessary  time  constant  to 
accurately  reproduce  the  beam  profile.  This  resistance 
also  serves  to  bleed  off  any  excess  charge  between  the  60 
Hz  beam  pulses. 
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Figure  2:  The  BPM  circuit. 


Figure  2  shows  the  circuit  where  CBeam  is  the 
capacitance  between  the  beam  and  collecting  plate.  CBPm 
is  the  capacitance  between  the  collecting  plate  and  the 
grounded  housing.  and  R2  are  dampening  resistance. 
Ri  is  placed  on  the  housing  inside  the  vacuum  chamber; 
R2  is  a  coaxial  resistor  outside  vacuum  and  can  be  varied 
as  necessary.  R2  is  not  necessary  for  lower  current 
beams.  R3  is  used  to  match  the  signal  input  to  the 
oscilloscope  a  50  Q,  impedance.  The  downside  is  that  R3 
also  acts  as  a  voltage  divider,  lowering  the  signal 
magnitude  into  the  oscilloscope.  It  is  preferential  to  have 
the  matched  signal  than  a  larger  magnitude.  Rf  and  Rg  set 
the  gain  of  the  circuit.  Currently  Rg  =  0,  resulting  in  a 
unity  gain. 

For  calibration  a  100  mA,  100  ns  pulse  was  sent 
through  each  BPM  via  a  metal  rod  to  simulate  the  beam. 
The  rod  was  moved  incrementally  and  signals  were  taken 
from  each  collecting  plate.  Calibration  was  achieved  by 
taking  the  data  from  any  two  coplanar  channels  (i.e. 
horizontal  or  vertical)  and  plotting  the  difference  over  the 
sum  of  the  signals,  figure  3  shows  a  calibration  plot. 


Figure  3:  This  graph  shows  the  sensitivity,  linearity  and 
offset  of  a  typical  UMER  BPM.  Also,  note  that  the 
horizontal  and  vertical  signals  are  decoupled  within  this 
range. 

On  average  the  BPMs  that  have  been  calibrated  using 
the  delta  over  sigma  method  have  resolution  <  0.1mm. 
Results  using  the  BPMs  with  actual  beam  confirm 
predicted  values  for  linearity  and  resolution. 

The  ability  to  acquire  an  accurate  beam  profile  is  a 
unique  feature  of  the  UMER  BPMs.  In  beam  tests  we 
have  found  the  frequency  response  to  be  much  better  than 
anticipated.  The  experiment  was  conducted  comparing  it 
to  a  well-established  diagnostic,  the  Bergoz  current 
transformer  model  number  FCT-082-20:l,  in  order  to 
ascertain  the  relative  frequency  response  of  the  BPM. 
Both  diagnostics  are  located  in  the  injector  line.  Two 
opposing  channels  of  the  BPM  were  summed  to  get  total 


current.  The  Bergoz  coil  is  approximately  60  cm  from  the 
electron  gun  and  the  BPM  is  19  cm  downstream  from  the 
Bergoz  coil.  Hence,  it  is  expected  that  the  beam  would 
have  spread  longitudinally  and  the  rise  and  fall  times 
would  be  greater  at  the  BPM.  However,  as  figure  4 
shows,  the  rise  time  of  the  Bergoz  coil  was  measured  to 
be  2.8  ns  while  the  rise  time  of  the  BPM  was  1.7  ns  for 
the  25  mA  beam.  The  test  was  repeated  with  a  current  of 
85  mA,  a  dampening  resistance  R2  =  200S2  (see  figure  2) 
is  added  to  control  oscillations.  Even  then,  the  BPMs’ 
frequency  response  is  as  fast  as  that  of  the  Bergoz  coil. 


Figure  4:  Frequency  response  of  the  BPM  compared  to 
the  Bergoz  Coil. 

APPLICATIONS 

The  UMER  BPMs  have  evolved  into  a  versatile 
diagnostic  capable  of  beam  profiling,  position  and  current 
monitoring  with  good  resolution  and  high  bandwidth. 


Beam  Position  Monitoring 

The  UMER  BPM  is  first  and  foremost  used  to 
determine  the  location  of  the  beam  centroid  as  a  function 
of  time.  Beam  position  in  the  horizontal  plane  is 
determined  by  dividing  the  difference  of  the  two 
horizontal  (right  and  left)  signals  by  their  sum  and 
applying  the  offset  and  resolution  factors  determined  in 
calibration.  Since  X  and  Y  are  decoupled,  repeating  the 
process  with  the  vertical  (top  and  bottom)  signals  creates 
an  XY  pair  at  which  the  beam  centroid  lies.  The 
equations  are 

~  <yR-VL)  B  m 

(VT-VH)  B 

R{Vt  +  Vb)  r’  () 

where  Vx  is  the  signal  from  the  corresponding  signal 
plate,  R  (slope)  is  the  resolution  number  and  B  (X- 
intercept)  is  the  offset  number  as  in  figure  3. 

Tests  were  conducted  with  beam  to  confirm  the 
accuracy  of  the  BPMs.  Varying  the  current  on  an 
upstream  steering  dipole  to  move  the  beam,  position  data 
and  beam  images  were  taken  at  the  same  location  using 
the  BPM  /  phosphor  screen  combination.  The  center  of 
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A  to  B:  X  =  1.12526  mm,  Y  =  0.06307  mm  A  to  B:  X  =  1.03819  mm,  Y  =  0.03904  mm 

B  to  C:  X  =  2.33359  mm,  Y  =  0.18921  mm  B  to  C:  X  =  2.59375  mm,  Y  =  0.19337  mm 

C  to  D:  X  =  1.13526  mm,  Y  =  0.06307  mm  C  to  D:  X  =  1.15206  mm,  Y  =  0.04006  mm 

Figure  5:  Phosphor  screen  images  of  the  beam  with  relative  center  measured  directly  and  calculated  by  the  BPM.  The 
crosshairs  show  the  center  of  the  phosphor  screen. 


the  beam  image  was  determined  by  direct  measurement 
and  converted  from  pixels  to  mm.  Since  the  exact 
location  of  the  phosphor  screen  is  not  known  only  a 
relative  comparison  is  possible.  Figure  5  shows  the  close 
agreement  between  direct  measurement  and  the  BPM 
calculations. 

A  user  interface  has  been  developed  and  is  in  the 
process  of  being  debugged.  When  finished  it  will  allow 
the  user  to  select  desired  BPM  and  see  a  graphical 
representation  of  beam  position.  This  is  accomplished  by 
means  of  a  Labview  BPM  control  program  for  unit 
selection  via  a  mulitplexer.  The  desired  signals  are  fed 
into  an  oscilloscope  and  then  into  the  computer.  The 
same  BPM  control  program  then  computes  the  beam 
position  and  displays  it  graphically  for  the  user  to  set  the 
proper  steering  to  center  the  beam.  Future  upgrades  will 
automatically  control  the  steering  magnets. 


Beam  Current  and  Loss  Monitoring 

Since  the  BPM  measures  charge  as  a  function  of  time  i 
may  be  used  as  a  current  monitor.  This  is  achieved  usin§ 
a  conversion  factor  determined  from  the  following 
equation  [8] 


vL+R{t)  _ 


4(0  4?zC, /? 


(3 


where  VL+R  is  the  total  voltage  of  two  opposing  plates,  I] 
is  the  beam  current,  <|>  is  the  collecting  plate  angle,  i  i: 
the  plate  length,  Ctot  is  the  total  capacitance  in  the  circui 
and  pc  is  the  relativistic  factor  of  the  beam.  Solving  thi; 
equation  gives  a  conversion  factor  of  1.25  V/A.  Thi: 
number  agrees  with  experimental  observations  an< 
comparisons  to  the  Bergoz  current  transformer.  UMEF 
employs  a  BPM  every  0.64  m;  therefore,  the  location  o 
beam  loss  can  be  determined. 

The  UMER  BPM  has  such  a  good  frequency  respons* 
that  the  longitudinal  spread  due  to  Coulomb  forces  at  th( 
head  and  tail  of  the  beam  can  be  accurately  profiled 
Since  the  UMER  beam  is  100  ns  long  and  the  time  it  wil 
take  to  make  its  journey  once  around  the  ring  ii 
approximately  200  ns  this  profiling  ability  is  of  grea 
importance.  If  unchecked,  the  longitudinal  spread  wil 


cause  the  head  and  tail  of  the  beam  to  meet.  UMER  will 
employ  three  induction  gaps  to  keep  the  beam 
compressed.  A  study  of  the  longitudinal  dynamics  of  the 
beam  is  currently  underway  to  establish  the  specifications 
of  the  induction  gaps  [9].  The  BPMs  have  become  an 
important  diagnostic  for  this  study.  Using  the  BPMs’ 
ability  to  accurately  measure  the  length,  as  well  as  rise 
and  fall  times,  of  the  beam  will  give  a  better 
understanding  of  the  longitudinal  dynamics  of  space- 
charge  dominated  beams. 

CONCLUSION 

The  UMER  group  has  completed  design  and 
implemented  a  capacitive  BPM  for  aiding  the  study  of 
space-charge  dominated  electron  beams.  A  spatial 
resolution  of  0.1  mm  (100  mA,  0.4  mm  for  25  mA)  and 
temporal  resolution  of  1.7  ns  have  been  achieved,  which 
exceed  the  design  specifications.  In  addition  to  locating 
the  centroid  of  the  beam,  the  UMER  BPMs  are  capable  of 
high  resolution  beam  profiling,  current  and  loss 
monitoring.  Ten  BPMs  have  been  constructed  and  are  in 
use  with  the  UMER  beam,  with  seven  more  on  the  way. 
A  user  interface  is  being  developed  that  will  control  data 
collection  and  aid  in  beam  steering. 
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Abstract 

Initial  experimental  results  are  presented  for 
measurements  of  the  emittance  of  an  electron  beam  in  the 
University  of  Maryland  Electron  Ring  (UMER).  Two 
independent  sets  of  slit-collector  systems  are  used  to 
measure  the  emittance  in  the  vertical  and  horizontal 
directions  respectively.  Results  are  then  compared  to  the 
time  integrated  emittance  measurements  obtained  from  a 
pepperpot.  The  UMER  electron  beam  has  an  energy  of 
10  keV,  with  as  much  as  100  mA  of  current,  and  pulse 
length  of  100  ns.  The  beam  is  confined  by  a  periodic 
lattice  of  focusing/defocusing  quadrupole  magnets  at 
16  cm  intervals.  Beam  steering  is  achieved  with  dipole 
magnets  at  32  cm  intervals  and  additional  small  steering 
dipoles  as  needed. 

INTRODUCTION 

The  University  of  Maryland  Electron  Ring  (UMER)  is 
a  low  voltage  (10  kV),  high  intensity  (100  mA), 
recirculating  electron  ring  designed  to  explore  the  physics 
of  space  charge  dominated  beams  [1,2,3].  Emittance 
growth  caused  by  a  variety  of  factors,  such  as  injection 
mismatch,  beam  steering,  focusing,  etc.,  is  of  keen 
interest  to  the  entire  accelerator  community.  Our  key 
goal  was  to  develop  a  method  to  measure  the  time 
resolved  beam  emittance  and  be  able  to  map  the  phase 
space  distribution  as  a  function  of  time  during  the  beam 
pulse.  When  combined  with  an  energy  analyser,  this 
system  will  enable  us  to  plot  the  full  time-dependent,  six 
dimensional,  phase  space  of  the  beam  [4]. 

PROCEDURE 

Previous  attempts  to  measure  beam  emittance  have 
been  unsuccessful  due  to  tremendous  amount  of  noise 
pickup  from  oscillatory  modes  within  the  diagnostic 
chamber.  The  wire  from  our  previous  slit- wire  collector 
has  been  replaced  by  a  shielded  collector  bar  to  reduce  the 
noise  in  the  data  collection  circuit.  The  collector  bar  is 
isolated  from  its  environment  by  a  conducting  box  and 
ceramic  insulators.  Mounted  on  the  front  of  the  box  are 
adjustable  shutter  doors.  The  gap  between  the  shutters 
may  be  changed  to  mimic  a  change  in  the  wire  size  of  a 
standard  harp-like  wire  collector.  The  gap  presented  in 
this  work  was  fixed  at  0.5  mm.  The  setup  is  shown  in 
Figure  1. 
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Figure  1:  Slit-collector  cut  away  view. 


The  overall  concept  of  data  collection  remains  the  same 
as  in  most  cases  of  emittance  measurement  with  a  slit- 
wire  system  [5,6].  The  slit  is  scanned  across  the  beam  in 
discrete  steps.  At  each  step  the  collector  sweeps  across 
the  portion  of  the  beam  that  is  not  blocked  by  the  slit. 
Control  of  the  motion  of  both  the  slit  and  collector  is 
achieved  by  use  of  stepper  motor  with  position  encoders. 
The  stepper  motor  control  and  data  collection  have  been 
automated  through  an  interface  with  LabView  software. 
A  schematic  of  this  setup  is  shown  in  Figure  2. 
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Figure  2:  Slit-collector  schematic. 


RESULTS 

A  sample  voltage  trace  for  a  25  mA  beam  is  shown  in 
Figure  3.  All  data  presented  in  this  work  is  for  a  25  mA, 
10  keV  beam.  The  low  current  beam  was  used  because 
of  the  relative  ease  of  experimental  beam  envelope 
matching  as  compared  to  the  full  100mA  beam.  The 
dotted  trace  is  unfiltered  and  can  be  seen  to  contain  an 
unacceptable  amount  of  noise.  The  primary  source  of  this 
noise  is  the  fact  that  a  majority  of  the  beam  is  intercepted 
by  the  slit,  which  is  not  isolated  from  our  electrical 
grounding  of  the  ring.  To  eliminate  this  source  of  noise, 
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we  simply  moved  the  collector  completely  out  of  the 
beam  path  and  recorded  the  noise  signal  for  each  slit 
position.  The  noise  may  then  be  subtracted  from  the 
signal.  This  process  yields  the  solid  trace  in  Figure  3. 


Figure  3:  Current  signal,  raw  (dotted  line)  and  with  noise 
subtracted  (solid)  at  xsiit=2.54  mm  and  xcon=4.41  mm. 

Figure  4  shows  a  complete  scan  of  the  collector  (X’) 
for  a  fixed  position  of  the  slit  (xslit=2.54  mm).  It  can  be 
seen  in  this  figure  that  dynamics  at  the  head  and  tail  of  the 
beam  cause  large  uncertainty  in  the  measurement.  The 
higher  energy  head  of  the  beam  appears  to  have  shifted 
toward  the  center  of  the  ring  (increasing  x’),  while  the 
low  energy  tail  moves  to  a  larger  radius. 


Figure  4:  Filtered  collector  scan  (x’)  for  fixed  slit  position 
(xsiit=2.54  cm). 


Figure  5  shows  a  full  scan  of  the  collector  at 
xsiit=7.62  mm.  The  radial  sheer  in  the  beam  at  this 
position  is  obvious.  It  could  possibly  be  caused  by  a 
slight  mismatch  or  misalignment  of  the  beam.  As  these 
are  only  initial  measurements,  additional  investigation  is 
warranted  to  explain  the  physical  mechanism  of  the  beam 
dynamics.  This  plot  is  shown  primarily  as  a 

demonstration  of  the  time  and  special  resolution  achieved 
in  these  initial  experiments. 
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Figure  5:  Collector  scan  for  fixed  slit  position 
(xsUt=7.62  cm)  showing  beam  shear. 

Figure  6  shows  a  plot  of  the  time-integrated,  transverse 
phase  space,  x  vs.  x’  (top)  and  y  vs.  y’  (bottom).  We  also 
have  the  ability  to  plot  the  4-dimensional  velocity  space 
as  a  function  of  time.  The  calculated  emittance  values  for 
these  plots  are  (presented  as  4*erms)  ex=30  pm  and 
£y=20  pm.  Corresponding  measurements  under  identical 
beam  conditions  with  a  pepperpot  yielded  values  of  42 
pm  and  28  pm.  Differences  between  the  pepperpot  and 
slit-collector  may  be  due  to  a  few  systematic  errors.  The 
bounds  of  integration  for  the  slit-collector  method  were 
fixed  to  avoid  the  head  and  tail  of  the  beam,  where  a  large 
contribution  to  the  time  integrated  emittance  may  exist. 
Inaccuracies  may  also  result  in  the  pepperpot 
measurements  because  of  the  relatively  low  current  beam 
used  and  resultant  small  spot  size  available  for  photo 
processing. 


Figure  6:  Time  integrated  phase  space  plot  of  x’  vs.  x 
(top)  and  y’  vs.  y  (bottom). 
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CONCLUSIONS 

An  automated  emittance  measurement  system  has  been 
built  and  successfully  tested  on  UMER.  It  is  fully  capable 
of  mapping  time  resolved  transverse  phase  space  with  a 
resolution  of  2  ns.  An  initial  comparison  of  time 
integrated  emittance  measurements  with  those  of  the 
pepperpot  give  ex=30  pm  and  ey=20  pm  for  the  slit- 
collector,  and  ex=42  pm  and  £y=28  pm  from  the 
pepperpot. 

It  should  be  noted  that  these  are  only  initial  results. 
Experiments  with  time-resolved  measurements  of  the  full 
beam  have  begun.  Future  plans  include  a  feedback  loop 
to  modify  beam  steering  and  focusing  in  order  to 
minimize  emittance. 
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Abstract 

Alignment  of  experimental  components  is  critical  to 
operation  of  The  University  of  Maryland  Electron  Ring 
(UMER).  Procedures  and  equipment  used  to  align 
components  of  the  electron  ring  are  presented.  The 
compact  nature  of  UMER  (ring  diameter  ^4m) 
presents  unique  challenges  and  advantages  associated 
with  the  placement  of  vacuum  components,  confinement 
and  steering  magnets,  and  diagnostic  equipment. 
Alignment  of  all  components  has  been  accomplished  with 
a  set  of  two  T3000  theodolites  and  a  three-dimensional 
software  package  from  the  Leica  Corporation.  A  set  of 
fiducial  monuments  has  been  used  to  establish  a 
permanent  coordinate  system.  The  position  of  UMER 
components  has  been  measured  to  an  accuracy  of  less 
than  100  microns  in  that  coordinate  system. 


I  INTRODUCTION 

The  University  of  Maryland  Electron  Ring  (UMER)  is 
a  low  energy  (10  kV),  high  intensity  (100  mA), 
recirculating  electron  ring  designed  to  explore  the  physics 
of  space  charge  dominated  beams  [1,2].  Due  to  its 
compact  nature,  alignment  of  the  experimental 
components  within  the  ring  is  critical.  The  UMER  ring 
diameter  is  approximately  4  meters.  Previous  attempts  to 
align  components  utilizing  mechanical  armatures, 
micrometers,  and  shims  were  found  to  be  cumbersome 
and  inadequate.  This  paper  presents  the  methods  used  to 
solve  the  unique  challenges  associated  with  the  placement 
of  vacuum  components,  confinement  and  steering 
magnets,  and  diagnostic  Equipment.  Procedures  and 
equipment  used  to  align  components  of  the  electron  ring 
are  presented  in  Sec.  II.  Results  of  our  work  are 
presented  in  Sec.  III.  In  this  section  we  also  discuss 
possible  future  improvements  and  recommendations  for 
further  refinement  of  alignment  issues. 

II  ALIGNMENT  PROCEDURE 

Establishment  of  a  Coordinate  System 

The  problem  begins  with  the  same  question  every 
experimentalist  faces,  “Where  can  we  put  all  this  stuff?” 


♦This  work  is  funded  by  US  Dept,  of  Energy  grant  numbers 
DE-FG02-94ER408 5 5  and  DE-FG02-92ER54178. 
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The  experimental  area  assigned  to  UMER  is  shown  in 
Fig.  1.  The  room  is  only  approximately  six  meters  wide 
on  the  left  and  has  several  obstacles  in  the  form  of  steel 
support  beams  scattered  throughout  the  area  intended  for 
setup  of  the  ring.  The  problem  is  further  complicated  by 
the  addition  of  approximately  two  meters  for  the  injection 
line  and  two  meters  for  extraction  140°  further 
downstream. 


Figure  1:  Experimental  floor  plan.  Ring  location  (circle) 
and  12:00  position  (plane)  shown. 

As  seen  in  Fig.  1  the  center  of  the  ring  was  chosen  to 
give  adequate  clearance  to  the  wall  and  prevent 
interception  of  the  comer  at  the  lower  left.  To  fix  this 
location  a  hole  was  bored  into  the  concrete  and  a  stainless 
steel  cylinder  (monument  base)  was  cemented  in  place. 
The  cylinder  has  a  precision  0.25  inch  hole  on  its  top  side 
which  allows  a  target  to  be  inserted  without  error  and 
removed  when  not  in  use.  The  rotational  orientation  of 
the  ring  was  fixed  with  a  target  approximately  two  meters 
high  on  the  wall.  All  angular  positions  are  measured 
clockwise  from  the  plane  formed  by  this  target  and  the 
center  monument.  Eight  additional  monuments  and  four 
wall  targets  have  been  placed  around  the  experimental 
area  and  referenced  to  the  ring  center  and  angular 
reference  plane  to  ensure  line-of-sight  from  all  locations. 

Assembly  Modeling 

Next,  we  needed  to  know  exactly  where  all  the  pieces 
of  the  experiment  should  be  placed.  To  accomplish  this, 
all  parts  and  assemblies  have  been  drawn  in  the  three- 
dimensional  CAD  package,  Pro/Engineer  [3].  Those 
assemblies  are  then  constrained  to  their  ideal  positions 
with  the  knowledge  that  the  ring  is  divided  into  18 
individual  sections  of  20°  subtended  arc  length  each. 
Each  section  has  been  constructed  with  a  central  chamber 
and  two  arms,  each  with  a  10°  bend.  From  these 
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geometric  constraints  the  exact  radius  to  the  center  of 
each  ring  chamber  is  1833.456  mm. 

Mounted  on  each  section  are  two  dipole  magnets  to 
bend  the  beam  and  four  quadrupole  magnets  for 
confinement  [4],  The  diameter  of  the  ring  is  fixed  by  the 
spacing  of  16  cm  between  quadrupoles.  The  dipole  and 
quadrupole  mounts  are  fixed  in  place  on  a  cluster  plate 
with  alignment  pins.  The  cluster  plates  have  been 
machined  from  0.875  inch  thick  aluminium  plate. 
Figure  2  shows  the  detailed  drawing  of  one  of  the  ring 
sections. 


Figure  2;  ProEngineer  drawing  of  one  20°  ring  section. 

Both  the  injection  and  extraction  lines  are  10°  off  the 
tangent  to  the  ring.  The  diagnostic  chamber  has  been 
repositioned  during  ring  construction  as  sections  have 
been  installed  to  allow  beam  experiments  to  continue,  but 
will  be  attached  to  the  end  of  the  extraction  line  upon 
closure.  Figure  3  shows  the  current  experimental  setup 
with  1 80°  of  the  ring  installed. 


Figure  3:  Current  experimental  setup  of  180°  of  the 
complete  electron  ring. 

Alignment  Equipment 

All  of  the  previously  described  components  have  been 
placed  in  their  proper  positions  by  the  use  of  two  T3000 
theodolites  and  their  associated  software  package,  Axyz, 


from  Leica  AG  [4].  The  T3000  can  measure  angles  with 
a  standard  deviation  of  0.5  arcseconds.  On  the  scale  of 
distances  within  our  lab,  this  translates  to  a  few  10’s  of 
microns.  The  minimum  focal  distance  is  0.51m. 
Magnification  varies  with  distance,  from  13x  to  43x. 

The  theodolites  require  line-of-sight  not  only  to  the 
component  to  be  positioned  but  also  to  the  monuments 
and  references  previously  discussed.  In  some  situations, 
this  may  require  leapfrogging  when  only  two  theodolites 
are  available.  The  accuracy  of  measurements  is  sensitive 
to  the  angle  formed  between  the  two  theodolites  and 
target.  Ideally  this  angle  should  be  kept  between  60  and 
120  degrees  to  minimize  pointing  error.  Finally,  the 
accuracy  of  measurements  is  highly  sensitive  to  the 
ability  and  vision  of  the  operator. 

The  software  package,  Axyz,  records  all  angular 
measurements  and  calculates  data  points  from  the 
theodolites.  It  allows  user  defined  coordinate  system 
transformations.  Simple  shapes,  lines,  circles,  etc.,  may 
be  constructed  to  ease  alignment  problems.  Axyz  also 
can  calculate  projections,  intercepts,  and  distances. 

Ill  RESULTS  AND  DISCUSSION 

All  the  components  of  the  electron  ring  may  now  be 
measured  to  within  less  than  100  microns  with  the 
theodolite  alignment  system.  Nine  ring  chambers  have 
been  positioned  along  with  all  their  associated  magnets 
and  diagnostics.  The  injection  line  and  diagnostic 
chamber  have  been  positioned.  Continued  refinement  of 
positioning  components  within  this  complex  system  is 
ongoing.  Beam  quality  has  been  improved  by  sound 
implementation  of  alignment  procedures  [2]. 

The  key  alignment  issues  in  the  UMER  setup  are  the 
positioning  of  focusing  magnets,  component  design,  and 
manufacturing  tolerances.  Beam  quality  has  been  found 
to  be  extremely  sensitive  to  offsets  in  the  focusing  lattice. 

Our  quadrupoles  are  placed  within  mount  blocks, 
which  are  then  bolted  to  the  cluster  plate  with  no  ability  to 
modify  individual  magnet  positions.  The  cluster  plate  is 
held  in  position  by  a  set  of  push-pull  screws.  It  has  been 
found  that  these  push-pull  screws  cause  a  small 
deformation  of  the  cluster  plate  and  therefore 
misalignment  of  magnets.  The  machining  tolerances  of 
the  mount  block  also  affect  accuracy  of  magnet 
placement. 

The  arms  of  the  ring  chambers  also  introduce  error  into 
the  system.  Both  the  accuracy  of  the  bend  angle  and  arm 
alignment  during  the  welding  process  could  cause 
misalignment.  Much  of  that  error  can  be  compensated  for 
with  the  bellows  on  the  downstream  flange  of  each 
chamber  but  errors  normal  to  the  ring  plane  are  difficult 
to  correct  without  tilting  the  chamber,  which  in  turn 
would  introduce  errors  in  the  pitch  of  the  magnets. 

Nearly  all  of  the  errors  in  alignment  introduced  by  the 
magnet  mount  blocks  and  ring  chambers  can  be  corrected 
with  a  redesigned  mount  block  or  cluster  plate  assembly. 
It  would  be  prohibitively  difficult  and  expense  to  replace 
the  cluster  plates,  whereas  replacement  of  the  mount 
blocks  is  reasonably  easy.  The  magnets  are  already 
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removed  each  time  the  system  must  be  baked  to  achieve 
acceptable  vacuum. 

Figure  4  shows  the  prototype  of  the  redesigned  magnet 
mount  block.  The  improved  design  allows  correction  in 
roll,  pitch,  and  yaw  with  push-pull  screws  and  a  small 
increase  in  the  inner  bore  from  2.210  to  2.335  inches. 

Sensitivity  to  the  roll  angle  has  been  increased  by 
extending  the  moment  arm  length  where  the  block 
attaches  to  the  cluster  plate. 


Figure  4:  Current  magnet  mount  block  (left)  and 
prototype  redesign  (right). 

IV  CONCLUSIONS 

Alignment  is  critical  to  all  operational  aspects  of 
UMER  from  injection  to  diagnostics  at  beam  termination. 
All  components  of  UMER  can  now  be  measured  in  situ, 
without  breaking  vacuum  or  disrupting  experimental 
activities.  A  coordinate  system  for  the  experiment  has 
been  constructed  and  a  trained  team  of  personnel  can  now 
align  and  adjust  components  quickly  and  accurately. 
Maintenance  of  the  ring  has  also  been  simplified  because 
pieces  may  be  removed  and  replaced  easily.  Alignment 
issues  have  now  been  incorporated  throughout,  from  the 
initial  design  phases  to  finished  assembly  and  installation. 
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Abstract 

The  emittance  of  the  electron  beam  is  to  be  measured 
by  using  Cherenkov  radiation  in  a  novel  way.  The  image 
patterns  of  the  radiation  are  formed  both  in  die  focal  plane 
and  image  plane  of  an  achromatic  lens  with  long  focus. 
Both  the  angular  spread  and  radial  distribution  of  the  e- 
beam  are  obtained  by  processing  both  patterns  and  in  this 
way  the  beam  RMS  emittance  is  directly  resulted. 
Combining  this  technology  with  computerized 
tomography  (CT),  the  actual  particle  density  distribution 
in  transverse  phase  space  can  be  determined  without  any 
pre-assumptions.  The  emittance  of  the  electron  beam 
from  the  DC-SC  photo-injector  of  Peking  University  is 
simulated  and  a  He-Ne  laser  experiment  is  presented  and 
discussed  in  this  paper. 


1.  INTRODUCTION 

For  the  conventional  optical  diagnostics  using 
Cherenkov  Radiation  (CR)  or  Optical  Transition 
Radiation  (OTR),  quadrupole-scanning  techniques  or  “tri¬ 
gradient  method”  are  often  used  to  determine  the  e-beam 
emittance  indirectly.  The  assumption  of  an  elliptical 
contour  in  the  beam  phase  space  actually  brings 
systematic  errors. 

According  to  parameters  of  the  DC-SC  photo-injector 
at  Peking  University1 1],  the  energy  of  the  e-beam  is  2-3 
MeV.  OTR  at  this  level  is  too  weak  to  be  captured  by  a 
CCD  camera.  In  this  paper  a  new  direct  way  of  emittance 
measurement  by  using  Duo  Image  Pattern  of  Cherenkov 
Radiation  is  introduced,  which  can  measure  the  angular 
spread  and  the  radial  distribution  of  the  electron  beam 
simultaneously.  Combining  this  method  with  CT,  a 
complete  phase  space  tomography  can  be  made  without 
any  assumptions  on  the  distribution  of  e-beam  phase 
space  and  the  extrapolation  of  angles  in  Radon 
transformation. 

2.  RMS  EMITTANCE  MEASUREMENT 

As  a  charged  particle  travelling  at  velocity  v  through  a 
dielectric  medium  (refractive  index  n),  CR  is  emitted  in  a 
thin  cone  centered  on  the  trajectory  with  opening  angle  0C, 
when  v  >  Cfn.  In  Fig.  1,  Qc,  Qu  0r,  6t  and  Of  are  angles 
corresponding  to  Cherenkov  angle,  internal  incident 
angle,  external  refracted  angle,  tilted  angle  of  the 
converter,  and  observation  angle,  respectively. 

Using  Snell’s  law,  the  observation  angle: 

0/  =  arcsin(  n  sin(  0C  -  0t ))  *  n(0c  -  0t ) 

where,  0C  =  arccos(l//«) ,  the  CR  angle. 

Supported  by  NSFC  (10075006,  19985001) 


Suppose  r\  is  the  divergence  angle  of  the  i*  particle  in 
the  beam  as  it  passes  through  the  converter,  then: 

0ft  =  arcsin(Ksin(r',.+6>c.  =  arcsin(«sinr'; ) 


Setting  0r0c  approximately  *  nr \  . 


Hence,  the  one-to- 
one  correspondence 
between  the 

observation  angle  of 
CR  and  the  divergence 
angle  of  the  e-beam  is 
derived.  According  to 
this  correspondence, 
Sandia  Lab,  devised 
an  array  of  mirrors  to 


split  the  CR  into  six  Fig.l.  The  angle  relationship  of  CR 


different  angular  slices.  In  order  to  obtain  an  angular 
resolution  of  a  few  mrad,  the  cameras  must  be  placed  at  a 
distance  of  30m  away  from  the  Cherenkov  converter^1. 

In  fact,  by  utilization  of  Fourier  Transform  and  optical 
imaging  technique,  the  information  of  angular  spread  can 
be  obtained  directly  from  the  pattern  on  focal  plane  of  the 
lens.  For  this  purpose,  an  achromatic  lens  with  long  focus 
is  added  normally  to  the  direction  of  observation  (Z-axis) 
(as  in  Fig.2),  and  it  can  be  shown,  y  =  /tan#.  ,  with 
small  angle  approximation,  yf  «/ QJf  =/ -n't*  ,  where  jy 
is  the  vertical  ordinate  on  the  focal  plane  of  the  lens, /is 
the  focus  of  the  lens. 


Fig.2.  The  optical  path  of  “Duo  Image  Pattern  of  CR” 

In  principle  this  process  can  be  called  as  “Duo  Image 
Pattern”:  while  the  radial  distribution  of  the  e-beam  is 
attained  from  the  image  plane  of  the  lens  (as  is  widely 
acknowledged  in  the  conventional  optical  diagnostics), 
the  additional  information  of  the  angular  spread  of  the  e- 
beam  is  obtained  from  the  focal  plane  of  the  lens  at  the 
same  time.  Consequently,  we  can  work  out  <y>  and 

<  y'>  from  these  two  distributions  by  using  statistics. 

According  to  the  definition,  the  RMS  emittance  can  be 
expressed  directly  as[4]: 
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Fig.3.  The  Schematic  view  of  “Duo  Image  Pattern”  beam 
diagnostics  of  PKU-SCAF  DC-SC  photo  injector 


certain  transferring  devices,  then  the  CT  principle  can  be 
fully  applied  into  phase  space  reconstruction  because  of 
the  similarity  between  them. 

Practically,  quadrupoles  are  used  to  twist  the  phase 
space[5].  However,  the  whole  effect  includes  both  rotation 
and  distortion.  In  addition,  a  considerable  amount  of 
Radon  rotation  angle  is  unavailable  (shown  in  Fig.4).  By 
algebra  deduction  and  combination  with  CT,  “Duo  Image 
Pattern”  can  overcome  these  two  difficulties  successfully. 

Firstly,  the  effect  of  quadrupole-scanning  can  be 
decomposed  into  two  parts:  rotation  and  distortion. 

The  transfer  matrix  M  (consisted  of  quadrupole  section 
and  drift  sections)  is: 


%c=‘f<0-<  y>f  ><<y-<y>)2  >-<(y-<y>)<y-<y>)  >2f2 

Fig.3  shows  the  layout  of  “Duo  Image  Pattern”  beam 
diagnostics  of  the  DC-SC  photo-injector.  Passing  the 
combining  lens,  the  CR  is  split  by  a  light  splitter.  CCD 
cameras  are  placed  at  each  branch  of  light,  where  locates 
the  focal  and  image  planes  of  the  lens  respectively. 

Through  simulation  experiments,  the  errors  derived 
from  small  angle  approximation  and  image  processing  are 
rather  low  (less  than  5%);  yet  the  energy  divergence  of 
the  beam  takes  a  major  part.  An  energy  divergence  of  2% 
at  3  MeV  results  in  0c<O.O4%;  while  30  MeV  results  in 
0c<O.OOO7%.  This  method  prefers  e-beams  of  higher 
energy. 

3.  BEAM  PHASE  SPACE  TOMOGRAPHY 

3.1. The  Difficulties  in  the  Conventional  Phase 
Space  Tomography 

CT  refers  to  the  cross-sectional  imaging  of  an  object 
from  transmission  data  collected  by  illuminating  the 
object  from  many  different  directions. 

An  object  is  represented  by  a  two-dimensional  function 
f(x,  y);  the  Radon  transform  of f(x,y)  is  the  line  integral  of 
/parallel  to  axisy7  as  illustrated  in  Fig.4: 

[a>f(x1,y1)dyl 

=  /(* cos  0  +  y  sin  0,xsin  0-ycos  O)dyli0  e  [0,;r) 

The  deficiency  of  rotation  angle 


angle  deficiency  in  rotation  of  phase-space  distribution  by 

Changing  the  two-dimensional  function  f(x,  y)  to 
f(x,x  '),  defined  as  the  distribution  function  of  beam  phase 
space  density,  it  is  found  that  if  the  phase  space  could  be 
rotated  without  distortion  freely  from  0  to  n  by  some 


Mba  = 


mn 

m2 1 


w22J 


f  Pa  cos  e\  Pa  sin  Q\ > 
Kpb  sin  02  pb  cos  02 j 


V 


Pa2Pb2 


Pa) 


sin  0X 
cos  0X 


=  MaMr  (3) 


n  -  / yy.  2  2  <9,  =  arctan  — 

Where  Pa  vw/y  +mJ2  9  mn  ^ 

Ma  is  the  affined  transform  matrix  and  MR  is  the  unit 
rotation  matrix.  Thus,  we  decompose  the  whole  effect  of 
quadrupole-scanning  into  two  parts,  i.e.  the  affined 


transform  matrix  and  the  unit  rotation  matrix, 
corresponding  to  distortion  and  pure  rotation  respectively. 
The  affined  transform  results  in  a  scaling  of  pa  in  phase 
space  projection  over  horizontal  ordinate.  In  this  way,  a 
clearer  understanding  between  the  CT  principle  and  phase 
space  tomography  is  established. 

Secondly,  putting  the  quadrupole  settings  and  drift 
section  into  the  Eq.3,4,  we  find  that  the  range  of 
(Radon  angle)  cannot  cover  0-7t  by  all  means[6].  As  shown 
in  Fig.4b,  there  exists  considerable  deficiency  of  Radon 
rotation  angle,  no  matter  how  many  quadrupoles  are 
adopted.  By  strictly  choosing  the  parameters  of  the 
quadrupoles  settings  and  drift  sections,  Duke  University 
FEL  Laboratory  (DFELL)  once  attained  the  range  of  0 
from  0  to  0.967t,  still  leaving  a  deficiency  of  7o[5l 

Since  a  full  n  radian  of  the  rotation  angle  is  the  basic 
requirement  of  Radon  transforms,  in  order  to  extrapolate 
the  data  for  this  deficiency,  prior  assumption  about  phase 


space  distribution  has  to  be  made.  That  yields  errors  in  the 
reconstructed  phase  space. 


3.2.  Applying  ‘ ‘Duo  Image  Pattern  ”  in  Phase 
Space  Tomography 

By  means  of  “Duo  Image  Pattern”,  we  obtained  the 
angular  spread  and  radial  distribution  of  the  e-beam 
simultaneously^,  as  shown  in  Fig.5.  According  to  the 
similarity  between  Radon  Transform  and  the  rotation  of 
beam  phase  space  distribution  discussed  above,  the  Radon 
projection  of  the  angular  spread  indicates  the  line  integral 

of  Jf  f(x,x')dx  .  As  to  the  algorithm  of  CT  image 

reconstruction,  this  integral  is  equal  to  |  f(x,x')dx\ 
the  Radon  projection  of  the  radial  distribution  of  e-beam. 
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By  applying  Duo  Image  Pattern  in  the  phase  space 
tomography,  both  of  the  integrals  are  practicable.  When  a 
deficiency  appears  in  Radon  projection  of  the  radial 
distribution  on  the  image  plane  of  the  lens,  the  data  from 
the  projection  of  the  angular  spread  (i.e.  from  the  pattern 
on  the  focal  plane  of  the  lens)  can  be  used  for 
compensation,  with  some  linear  algebra  transform  in 
advanced  Therefore,  a  complete  phase  pace  tomography 
is  feasible,  by  putting  the  additional  information  of  the 
angular  spread  in  the  Radon  Transform  (shown  in  Fig.5). 


Fig. 5.  Phase-space  tomography  for  the  angular  spread  and  the 
radial  distribution  by  using  “Duo  Image  Pattern”. 


4.  SIMULATION  EXPERIMENTS 

4.1.  Simulation  Experiment  with  He-Ne  Laser 
A  He-Ne  Laser  is  used  to  perform  the  simulation 
experiment  so  as  to  test  the  Duo  Image  Pattern  principles. 
The  images  at  the  focal  plane  and  the  image  plane  are 
illustrated  by  Fig.  6a,  b,  respectively.  Fig. 6  c,  d  present  the 
3D  plot  of  the  distribution  and  e,  f  present  the  profiles 
along  the  centerline  of  a,  b.  The  program  works  out: 


<x>=Lxipi>  a = (Z[xi  -  <  x  >)]2  pi  )1/2 ,  yielding: 


<x> 

(mm) 

<7, 

(mm) 

<x*> 

(mrad) 
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% 

0.793 

0.214 

2.702 

0.705 

0.075 

0.525 

4.76 

Fig. 6.  Simulation  with  He-Ne  Laser  and  the  image  processing. 


Via  “Tri-profile  Method”,  the  emittance  of  the  He-Ne 
laser  results  in  0.5  Tmimmrad.  The  difference  in 
percentage  between  these  two  methods  is  around  5%. 

4.2.  Computer  Simulation  of  Phase-space 
Tomography 

In  order  to  test  Duo  Image  Pattern  algorithm  in  beam 
phase  space  tomography,  we  used  a  computer  model  to 
simulate  the  measurement  and  reconstruction  process. 


First  we  create  an  initial  phase  space  distribution  in  the 
shape  of  an  asymmetric  combined  ellipse  (Fig.7.a,b), 
considering  the  actual  phase  space  distribution  generally 
would  be  irregular  and  non-uniform.  Then,  the  simulation 
transports  the  distribution  through  the  initial  drift  section, 
the  combined  quadrupoles  and  the  final  drift  section.  The 
program  generates  series  of  images  at  the  focal  plane  and 
the  image  plane  of  the  lens  respectively,  and  calculates 
the  beam’s  spatial  projection  with  rotation  angle  from  0° 
to  90°  by  integrating  the  final  distribution  over  its  angular 
spread  and  from  90°  to  180°  over  its  radial  distribution^3. 
The  process  of  the  transform  and  the  final  reconstructed 
phase  space  are  shown  as  Fig.7  c,  d,  presenting  the  high 
quality  in  this  reconstruction. 


Fig.7.  Phase  space  distribution  reconstruction  (colour) 
a.  An  assumed  model;  b.  The  original  distribution  of  the 
model;  c.  The  process  of  Radon  Transform; 
d.  The  reconstructed  phase  space  distribution. 


5.  CONCLUSION 

All  the  simulation  experiments  show  that  “Duo  Image 
Pattern  of  Cherenkov  Radiation”  is  more  useful  for  direct 
measurement  of  e-beam  RMS  emittance  and  for  more 
complete  tomography  of  phase  space  distribution,  since  it 
can  provide  additional  information  missed  by  other 
methods  and  can  thus  realize  a  full  n  radian  Radon 
Transform. 

6.  REFERENCES 

[1]  Zhao  Kui,  Hao  Jiankui,  Hu  Yanle,  et  al.  Nucl.  Instr. 
&  Meth.  In  Phys.  Res.,  2001,  A475:564-568 

[2]  GU  An-Jia,  DING  Yuan-Tao,  ZHAO  Kui,  et  al.  HEP 
&  NP,  2003,  27(2):  163-168  (in  Chinese) 

[3]  Richardson  R.D.,  Platt  R.C.,  Crist  C.E..  Particle 
Accelerator  Conference,  1993,  vol.3:  2456  -2458 

[4]  Stanley  Humphries,  Jr.,  Charged  Particle  Beams. 
Translated  Chinese  Edition:  Beijing,  1999:57 

[5]  McKee  C  B,  O’Shea  P  G,  et  al.  Nucl.  Instr.  &  Meth. 
In  Phys.  Res,  1995,  A358:264-267 

[6]  GU  An-Jia,  ZHAO  Kui,  DING  Yuan-Tao,  et  al.  HEP 
&  NP,  2003,  27(5):455-459  (in  Chinese) 


2582 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


FILLING  PATTERN  MEASUREMENT  IN  THE  LNLS  STORAGE  RING 

S.R.  Marques#,  H.J.  Onisto,  P.  F.  Tavares,  LNLS,  Campinas,  Brazil,  SP  13083-100 


Abstract 

The  storage  ring  filling  pattern  affects  the 
performance  of  the  machine  in  several  ways.  A  bunch 
charge  meter  has  been  developed  in  order  to  perform 
bunch-by-bunch  charge  measurement  and  to  record  the 
storage  ring  filling  pattern.  This  instrument  separates  the 
electric  pulse  produced  by  the  selected  bunch  from  the  RF 
signal  obtained  from  a  button  pick-up.  A  fast  switch  based 
on  a  double  balanced  mixer  (DBM)  was  developed  to 
strip  off  all  but  one  bunch  pulse  at  each  revolution  period. 
A  12-bit  ADC  with  a  FIFO  buffer  card  acquires  the  bunch 
signals.  A  PECL  timing  card  performs  the  bunch 
selection.  The  bunch  charge  meter  is  connected  to  the 
LNLS  control  system  through  a  DSP  processor  board, 
which  controls  the  instrument  through  an  FPGA 
interfacing  board.  The  DSP  software  provides  digital 
filtering.  Some  implementation  details,  performance  data 
and  operational  results  are  presented. 

INTRODUCTION 

The  LNLS  93-meter  long  1.37-GeV  electron  storage 
ring  can  be  filled  with  up  to  148  bunches.  The  bucket 
spacing  is  2.1  ns,  and  a  500-MeV  booster  synchrotron  is 
the  injector  for  the  main  ring.  The  storage  ring  is  filled  in 
a  nearly  uniform  way  by  a  system  which  automatically 
controls  the  phase  between  the  booster  and  the  storage 
ring,  ejecting  bunches  to  fill  different  buckets  at  each 
injection  cycle.  This  system  provides  uniform  filling  as 
long  as  the  LINAC  beam  energy  stays  constant  along  the 
accumulation.  The  bunch  charge  meter  is  supposed  to  be 
very  useful  for  several  purposes,  for  example:  recording 
the  filling  pattern  of  the  users’  runs,  machine  studies 
about  the  correlations  between  filling  patterns  and 
instabilities,  bunch  lifetime  measurements,  etc... 

SYSTEM  DESCRIPTION 

The  instrument  which  contains  the  bunch  charge  meter 
has  another  RF  front-end,  the  “bunch  cleaner”,  which 
performs  bunch  cleaning  in  the  booster  injector  (also 
reported  in  these  proceedings).  Figure  3  shows  the  block 
diagram  of  the  bunch  charge  meter. 

Back-end  processor 

The  back-end  processor  is  composed  of  a  DSP  C6711’ 
evaluation  board  and  a  card  based  on  an  FPGA  (XILINX 
model  XC2S50E).  This  FPGA  card  was  implemented  in  a 
four-layer  PCB  and  it  works  integrating  the  DSP  to  the 
internal  devices,  namely:  acquisition  board,  timing  card, 


programmable  attenuator  and  the  serial  communication 
board  of  the  LNLS  control  system. 

The  DSP  accesses  the  FPGA  through  its  expansion 
connector.  The  DSP  software  implements  digital  filtering 
and  manages  the  communication  between  the  instrument 
and  the  LNLS  control  system  [1]. 

RF front-end 

The  beam  signal  is  obtained  through  one  button  of  an 
RF  button  pick-up  (8.1 -mm  diameter).  We  observed  that 
in  our  case  using  an  RF  combiner  to  sum  the  four  signals 
from  the  pick-up  is  not  an  advantageous  approach  due  to 
the  RF  reflections  caused  by  the  large  number  of 
connections. 

This  signal  is  applied  to  a  programmable  attenuator 
(Weinschel  Corporation,  4206-63)  and  after  that,  it  is 
driven  to  the  fast  switch,  which  separates  the  signal 
related  to  one  electron  bunch.  The  amplitude  of  the  signal 
obtained  from  the  button  pick-up  can  reach  several  volts 
(peak)  according  to  the  beam  current  and  filling  pattern.  It 
is  necessary  to  attenuate  the  beam  signal  in  order  to  bring 
it  to  the  useful  range  of  the  fast  switch. 

The  fast  switch  consists  of  a  DBM  (Minicircuits  model 
rms-30)  and  a  fast  pulse  generator  (500  ps  FWHM) 
designed  on  the  same  circuit  board.  Figure  1  shows  the 
fast  switch  circuit. 


The  fast  pulse  is  obtained  through  a  simple  PECL 
digital  circuit  by  the  delay  introduced  in  one  trace  of  a 
differential  transmission  line.  When  this  pulse  is  applied 
to  the  IF  input,  the  DBM  captures  the  RF  signal.  The 
digital  circuit  is  coupled  with  the  DBM  by  a  simple 
passive  circuit  composed  of  voltage  dividers  and 
matching  RF  capacitors.  Besides  RF  matching,  proper 
attenuation  of  the  digital  pulse  is  crucial  to  minimize  IF- 
LO  crosstalk. 

The  signal  from  the  fast  switch  is  analogically  treated 
in  order  to  allow  the  analog-to-digital  conversion.  The 
block  diagram  of  the  circuit  that  performs  this  treatment  is 
shown  in  figure  2. 
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Figure  2  -  Block  diagram  of  the  pulse  treatment  circuit. 

In  figure  2,  the  first  two  amplifiers  are  MAR-6  MMIC 
Minicircuits.  A  detector  diode  (Agilent  Technologies, 
HSMS-8202)  and  high-frequency  trimmers  (Voltronics 
Corp.  and  Temex  Electronics  Inc.)  compose  the  detector 
circuit.  Afterwards  the  signal  is  amplified  by  a  current 
feedback  Op.  Amp.  and  filtered.  The  last  device  is  a  VCA 


Table  1:  Preliminary  results  of  the  12-bit  ADC  board 
_ characterization  tests 


SNR  (Signal-to-Noise  Ratio) 

65.1  dB 

SINAD  (SIgnal-to-Noise  And 

65  dB 

Distortion  ratio) 

THD  (Total  Harmonic  Distortion) 

85.8  dB 

ENOB  (Effective  Number  Of  Bits) 

10.5  bits 

The  processor  reads  the  data  in  the  FIFO  buffers 
through  a  digital  bus  (LVTTL  level,  50  ways 
1 0  centimeters  flat-cable). 

Timing  card 

The  fast  switch  and  the  ADC  module  are  triggered  by 
the  timing  card,  which  is  a  homemade  PECL 


Op.  Amp.  (Texas  Instruments,  VCA610),  whose  gain  is  programmable  divider.  The  output  signals  are  generated 
adjusted  by  the  DSP  through  a  16-bit  DAC.  through  the  division  of  the  RF  signal,  476.066  MHz,  by 


Figure  3:  Block  diagram  of  the  bunch  charge  meter 


The  flexibility  given  by  the  large  range  of  input 
attenuation  (63  dB)  and  by  the  VCA  is  enough  to  perform 
filling  pattern  measurements  in  both  multi-bunch  and 
single-bunch  modes. 

Acquisition  board 

The  signal  after  switching  and  analog  processing  has  a 
smoothed  shape  and  its  frequency  is  the  same  as  the 
storage  ring  revolution  one  (3.21  MHz).  A  12-bit  ADC 
board,  based  on  the  AD9432  (Analog  Devices)  with  a 
FIFO  buffer,  was  developed  in  order  to  digitize  this 
signal. 

The  ADC  module  has  50  Q  differential  input,  33  MHz 
analog  bandwidth  and  maximum  conversion  rate  of 
80  MS/s  (AC  coupling,  ECL  level).  We  use  two  8-Kbyte, 
9-bit  FIFO  buffers  (IDT,  IDT72V05),  but  the  module  was 
designed  to  accept  buffers  with  different  capacities  by 
changing  them.  The  circuit  was  implemented  in  a  four- 
layer  PCB  and  several  precautions  [2]  related  to  mixed- 
signal  designs  were  taken  in  order  to  achieve  good 
performance.  Some  results  of  the  preliminary 
characterization  [3]  are  shown  in  Table  1. 


the  storage  ring  harmonic  number,  148,  however  any 
number  between  2  and  255  can  be  used  to  divide  the  RF 
signal.  This  card  has  also  a  programmable  delay  generator 
with  20  ps  resolution  and  rms  jitter  smaller  than  5  ps.  The 
relative  phase  between  the  two  output  signals  can  be 
adjusted,  as  well  as  the  phase  difference  of  these  two 
signals  to  the  RF  signal. 

The  timing  card  was  also  implemented  in  a  four-layer 
PCB  and  high  speed  digital  routing  techniques  [4]  were 
taken  in  order  to  assure  signal  integrity. 

MEASUREMENT  PROCESS 

Once  the  bunch  charge  meter  is  on,  the  acquisition 
board  acquires  the  beam  signal  without  interruptions.  The 
back-end  processor  controls  the  FIFO  buffers.  When  the 
data  is  not  required,  the  FIFO  buffers  are  disabled. 

Through  the  control  system,  the  operator  can  set  the 
desired  filtering  parameters,  which  make  the  acquisition 
slower  or  faster.  The  measurement  cycle  starts  with  the 
optimization  of  the  acquisition  parameters,  namely:  input 
attenuation,  gain  of  the  analog  processing  stage  and  fine 
phase  adjusts  between  the  fast  switch  and  the  ADC.  The 
acquisition  rate  is  3.21  MHz  and  every  complete  bunch 
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acquisition  fills  the  entire  FIFO  buffers  (8  Kbytes).  Once 
these  buffers  are  full,  which  takes  about  2.5  ms,  the  back¬ 
end  processor  reads  these  data,  resets  the  FIFOs  and 
changes  the  timing  adjusts  in  order  to  measure  a  neighbor 
bunch.  After  acquiring  the  data  from  the  148  bunches,  the 
filling  pattern  (or  the  average  of  each  acquisition)  is 
transferred  to  the  control  system. 


PRACTICAL  DETAILS 


As  we  expected  the  process  is  very  sensitive  to  timing 
variations.  Figure  4  shows  how  the  sampled  data  changes 
when  the  fine  timing  of  the  fast  switch  is  adjusted.  In  this 
situation  the  ADC  timing  adjust  was  fixed. _ 
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Figure  4  -  Sensitivity  of  the  ADC  sampling  to  the 
timing  adjusts  of  the  fast  switch. 


During  the  testing  period  we  observed  that  the  variance 
of  the  measurements  of  the  high  charge  bunches  were 
bigger  than  the  low  charge  bunches.  By  analyzing  all  the 
data  (not  the  average  result)  it  was  possible  to  see  a 
sinusoidal  oscillation,  which  had  the  same  frequency  of 
the  synchrotron  oscillations.  In  some  cases  the  amplitude 
of  the  sinusoidal  oscillations  observed  was  higher  than 
10%  of  the  ADC  full-scale  range.  The  mechanism  that 
produces  this  coupling  is  not  completely  understood. 
Figure  5  shows  an  8-ksample  acquisition  of  the  signal 
from  a  2-mA  bunch.  Figure  6  shows  the  result  of  one 
experiment  in  which  the  synchrotron  frequency  was 
measured  by  utilizing  both  a  spectrum  analyzer  and  the 
bunch  charge  meter  (FFT). 


Figure  5  -  8-ksample  acquisition  of  a  signal  of  a  2  mA 
bunch. 


The  synchrotron  oscillations  observed  in  the  bunch 
signals  decrease  the  resolution  of  the  filling  pattern 
measurement.  In  order  to  minimize  this  effect  the  back¬ 
end  processor  resamples  the  data,  in  other  words,  the 
back-end  processor  reads  a  number  of  positions  in  the 


buffer,  waits  a  number  of  clock  cycles  and  reads  it  again 
until  reaching  8  ksamples.  With  this  procedure  a 
resolution  better  than  1%  was  achieved  in  a  3-second 
measurement. 


Synchrotron  frequency  measured  utilizing  a  spectrum 
analyzer  and  measured  through  the  filling  pattern  meter 
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Figure  6  -  Synchrotron  frequency  measured  by 
utilizing  a  spectrum  analyzer  and  the  bunch  charge  meter 
(FFT). 


A  typical  filling  pattern  of  the  storage  ring  is  shown  in 
figure  7. 

|  Storage  ring  filling  pattern  ~| 
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Figure  7  -  Typical  filling  pattern  of  the  storage  ring. 

We  also  implemented  the  bunch  charge  meter  by 
utilizing  a  digitizing  oscilloscope  (Hewlett  Packard, 
model  54750A)  and,  a  measurement  with  similar 
resolution  takes  about  3  minutes  due  to  the  low 
acquisition  rate. 


CONCLUSIONS 

The  bunch  charge  meter  has  been  developed  and 
integrated  to  the  LNLS  control  system.  A  resolution  better 
than  1%  was  achieved  in  a  3-second  measurement.  The 
system  will  be  calibrated  by  utilizing  a  single-bunch  beam 
through  the  data  obtained  from  both  the  storage  ring 
DCCT  and  the  HP  54750 A  oscilloscope. 
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Abstract 

An  instrument  has  been  developed  to  measure  single¬ 
shot  electrical  transient  signals,  in  two  channels,  with 
frequency  responses  up  to  20  GHz  [1].  The  instrument 
utilizes  an  optical  fiber  recirculating  delay  line  loop  to 
regenerate  captured  single-shot  signals,  and  then  recovers 
the  original  single-shot  signals  with  a  sampling  scope. 
The  instrument  is  named  Single-Shot  Scope. 

INTRODUCTION 

A  real-time  oscilloscope,  which  is  useful  to  study  beam 
instability  of  Linacs  or  storage  rings,  available 
commercially  has  frequency  responses  up  to  6  GHz.  For 
frequencies  above  6  GHz,  the  only  available  instrument  is 
the  streak  camera,  which  measures  optical  signals.  Users 
need  to  convert  the  optical  signals  into  electrical  signals  in 
order  to  perform  measurements.  The  streak  camera  turns 
the  optical  signals  into  low-energy  photoelectrons,  and 
then  uses  a  fast  sweeping  electrical  field  to  deflect  the 
photoelectron  beam.  The  longitudinal  intensity 
distribution  of  the  beam  is  represented  as  a  transverse 
trace  displayed  by  a  CCD  camera. 

YY  Labs’  Single- Shot  Scope  is  based  on  a  different 
principle,  using  fiber  recirculating  delay-line  loop 
technology,  which  has  been  widely  used  for  studying 
long-haul  signal  transmission  in  optical  fibers  [2].  The 
Scope  captures  the  single-shot  signals  in  one  or  two 
channels,  and  then  regenerates  the  signals  with  the  aid  of 
a  recirculating  optical  fiber  delay  line  loop.  A  small 
portion  of  the  signals,  recirculating  in  the  loop  up  to 
several  thousand  turns,  is  tapped  out  at  each  turn,  thus 
forming  a  copy  of  the  original  signal.  The  energy  loss  is 


compensated  for  with  an  optical  amplifier.  The  original 
amplitudes  of  the  signals  are  thus  recovered.  A  sampling 
scope  is  utilized  to  obtain  the  original  signal  from  the 
pulse  train. 

The  instrument  is  assembled  in  two  boxes.  One  box  is 
labeled  “Transient  Signal  Capture,”  since  in  it  the  single¬ 
shot  transient  signal  is  acquired.  The  other  box  is  labeled 
“Pulse  Train  Generator,”  since  it  regenerates  the  two- 
channel  single-shot  signals,  forming  two  pulse  trains.  The 
Transient  Signal  Capture  box  is  located  close  to  the 
source  of  the  signal;  the  Pulse  Train  Generator  box  is 
located  in  the  control  room.  The  linking  distance  between 
the  two  boxes  is  limited  by  the  signal  transmission 
limitation  of  the  RS232  cable. 


Figure  1:  YY  Labs’  Single-Shot  Scope. 


Optical  linking  cable  (100  feet) 


Figure  2:  Single-Shot  Scope  Arrangement.  CH,  channel. 

♦Work  supported  by  the  U.S.  Department  of  Energy 
SBIR  Contract  No.  DE-FG03-98ER827 1 9 
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Amplifier 


The  instrument  has  a  gating  function,  which  allows  the 
instrument  to  select  one  signal  from  a  series  of  signals,  or 
gate  the  single-shot  signal  for  performing  measurements. 
The  gate  width  is  adjustable  from  10  ns  to  50  ns. 

For  the  purpose  of  capturing  the  signal,  the  instrument 
has  an  auto-scan  function.  If  the  approximate  delay  time 
between  the  trigger  signal  and  the  signal  to  be  measured  is 
known,  the  delay  time  can  be  set  via  the  computer.  If  the 
delay  time  of  the  signal  is  unknown,  an  approximation 
should  be  made,  and  the  auto-scan  function  will  locate 
and  capture  the  signal.  The  scan  range  is  500  ns. 

The  instrument  can  measure  two  single-shot  signals 
simultaneously.  The  two  single-shot  signals  will  be 
captured  and  injected  into  the  fiber  loop  for  circulation, 
and  will  form  two  separate  pulse  trains. 

The  number  of  circulations  of  the  signal  in  the  delay 
line  loop  is  set  at  1000.  Each  circulation  takes  8  ps 
Figure  4  shows  the  signal  circulation  of  1000  turns,  which 
is  8  ms. 


Tek  Run:  50.0kS/s  Pk  Detect 
I  -T- 


Events 


Slope 

r . .  . 

Level 

26.0mv 

Figure  4:  Circulation  of  1000  Turns. 


Figure  5  shows  part  of  the  circulation  for  a  pair  of 
pulses  representing  two  different  single-shot  signals. 

The  advantages  of  using  this  method  reside  in  the  high- 
frequency  response  and  the  low  loss  of  optical  fiber, 
because,  in  this  frequency  range,  the  electrical  method 
cannot  be  used  due  to  problems  of  loss,  dispersion,  and 
reflection.  Regarding  the  optical  fiber,  with  a  core 
diameter  of  only  9  pm  and  attenuation  of  0.2dB/km,  the 
frequency  response  can  easily  go  up  to  the  20-GHz  range. 


With  the  recirculating-loop  method,  a  high-frequency 
instrument  can  be  constructed  with  optical  fiber 
components  and  low-frequency  electronics.  In  this 
manner,  therefore,  a  low-cost  multichannel,  high- 
frequency  single-shot  transient  signal  scope  can  be  built. 
This  PC-based,  button-free  instrument  is  easy  to  use. 


Figure  5:  Circulations  of  Two  Signals. 


For  the  tests  performed,  10-GHz  photodiodes  were 
used,  which  limited  the  frequency  response  to  10  GHz. 

Beam  tests  were  carried  out  at  SLAC,  as  described 
here. 


BEAM  TESTS  AT  SLAC 

The  PEP-II  is  an  e+  e-  collider  with  asymmetric 
energies  in  a  2200-m  tunnel  at  the  Stanford  Linear 
Accelerator  Center  [3],  The  PEP-II  facility  consists  of 
two  independent  storage  rings,  one  on  top  of  the  other,  in 
the  PEP  tunnel.  The  high-energy  ring  stores  a  9-GeV 
electron  beam,  and  the  low-energy  ring  stores  3.1-GeV 
positron  beam. 

The  signal  was  taken  from  a  button-type  capacitive 
pick-up  of  15-mm  diameter,  in  the  straight  section  of 
Region  4,  350  m  from  the  interaction  point,  where  the 
BaBar  detector  is  located.  The  PEP-II  was  operated  in 
multibunch  mode,  with  e+  and  e-  circulating  in  the  rings. 
The  rms  bunch  lengths,  a,  of  the  e+  and  e-  beams  are  in 
the  range  of  11  to  12  mm,  which  is  equivalent  to  40  ps, 
and  with  a  FWHM  of  90  ps.  Without  access  to  the  tunnel, 
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it  was  not  possible  to  place  the  signal  capture  box  near  the 
beamline,  and  so  the  signal  was  brought  to  the 
measurement  room  through  an  existing  35-m  Heliax  cable 
(LDF2-50),  nevertheless  still  attenuates  the  high 
frequency,  the  signal  was  somewhat  streched.  For  this 
reason,  the  pulse  length  measured  was  about  174  ps,  with 
a  rise  time  of  164  ps,  and  fall  time  of  140  ps  (from  peak  to 
baseline). 

Figure  6  shows  the  e+  beam  signal  measured  by  the 
Single-Shot  Scope.  Since  the  Single-Shot  Scope  gating- 
signal  generator  has  a  DC  offset,  the  baseline  of  the  signal 
is  not  at  0  volts 


PEP  e+  beam  by  Single-Shot  Scope 
May  2, 2003 
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Figure  6:  PEP-II  e+  Beam  Bunch  Longitudinal 
Distribution  Measured  With  the  Single-Shot  Scope 


Figure  7:  PEP-II  e+  Beam  Bunch  Average  Longitudinal 
Distribution  Measured  Directly  With  the 

TEK  11801  Sampling  Scope 


Figure  7  shows  the  e+  beam  signal  measured  by  the 
TEK11801  sampling  scope.  Since  there  were  900 
bunches  in  the  ring,  the  measured  signal  was  the  average 
over  these  900  bunches,  and  hence  differed  from  the 
single-shot  measurement. 


PEP-II  e+  beam  by  Single-Shot  Scope 
May  2, 2003 
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Figure  8:  e+  Bunches  Captured  by  the  Single-Shot  Scope 
show  that  multiple  bunches  can  be  measured 

Figure  9  is  an  actual  picture  taken  at  the  time  of  the 
measurement.  The  signal  shown  is  negative,  because  the 
slope  of  the  modulator,  which  converts  the  electrical 
signal  to  an  optical  signal,  was  set  to  negative. 


V 


Figure  9:  PEP-II  e+  Beam  Measured  by 
the  Single-Shot  Scope 
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Abstract 

Imperfection  non-linear  resonances  can  lead  to  undesir¬ 
able  beam  loss  and  thus  limit  the  high-intensity  operation. 
In  the  presence  of  space  charge,  beam  response  to  such  res¬ 
onances  is  strongly  influenced  by  collective  beam  dynam¬ 
ics.  It  is  thus  crucial  to  understand  the  effectiveness  of  the 
non-linear  resonance  compensation.  We  explore  various 
procedures  in  the  resonance  correction  and  suggest  some 
practical  applications.  Effectiveness  of  resonance  correc¬ 
tion  for  the  high-intensity  operation  is  discussed. 

INTRODUCTION 

A  single-particle  theory  of  nonlinear  resonances  and 
their  correction  is  well  developed.  Nonlinear  fields  cause 
tune  dependence  on  amplitude  and  islands  to  appear  in 
the  phase-space  plots.  When  crossing  the  resonance,  the 
large  amplitude  particles  can  be  locked  into  the  islands, 
moved  to  large  amplitudes,  and  possibly  be  lost.  Space 
charge  introduces  several  aspects  into  resonance  crossing. 
When  the  space-charge  tune  depression  is  increased,  parti¬ 
cles  with  the  smallest  amplitudes  reach  the  resonance  first 
as  they  have  the  largest  tune  shift.  In  addition,  the  space 
charge  introduces  the  largest  source  of  nonlinearity  which 
changes  the  response  to  a  resonance.  For  dynamic  resonant 
response  of  a  beam,  the  static  description  via  the  single¬ 
particle  tune  shift  becomes  inaccurate.  A  dynamic  solution 
which  includes  the  space-charge  force  and  density  redis¬ 
tribution  is  required  [1]  .  All  these  aspects  of  the  space 
charge  raises  very  important  questions:  What  is  the  role  of 
the  space  charge  in  resonance  crossing?  How  to  account  for 
the  space-charge  nonlinearity  in  resonance  correction?  Can 
one  have  a  good  correction  of  the  resonances  for  the  high- 
intensity  operation?  In  an  attempt  to  answer  these  question, 
we  performed  a  systematic  study  of  resonance  correction 
issues  for  the  high-intensity  operation  of  the  SNS  ring,  us¬ 
ing  the  DYNA  [2]  and  UAL  [3]  codes. 

RESONANCE  CORRECTION 

The  single-particle  resonance  condition  is 


nxQx  H"  ftyQy  —  p,  (1) 

where  nx,  ny,  p  are  the  integers,  with  p  being  the  driving 
harmonic.  In  the  presence  of  the  space  charge  it  is  slightly 

*  Work  supported  by  the  SNS  through  UT-Battelle,  LLC,  under  con¬ 
tract  DE-AC05-00OR22725  for  the  U.S.  Department  of  Energy 


modified  [1].  In  this  paper  we  use  the  single-particle  ter¬ 
minology  but  also  make  an  analogy  with  the  collective  dy¬ 
namics.  A  linear  stopband  can  be  written  as 


A  e=\K\jWjW 
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where  JX)  Jy  are  actions,  and  N  =|  nx  |  +  |  ny  |  is  the 
resonance  order.  The  excitation  strength  n  is 
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where  tp  =  nx (px  -  Qx9)  +  ny  (jiy  -  Qy9)  +p9,  and  K(9) 
is  related  to  the  error  field  multipoles. 

One  way  of  correction  is  to  minimize  k,  using  Eq.  3.  Al¬ 
though  this  can  be  done  in  simulation  when  the  field  errors 
are  known,  in  real  life  problems  arise  from  the  source  of  er¬ 
rors  which  are  unknown.  The  measurement  of  the  stopband 
has  some  difficulties.  First,  by  crossing  the  resonance,  one 
can  measure  accurately  only  a  symmetric  stopband.  If  there 
is  a  source  of  the  nonlinearity,  the  stopband  becomes  asym¬ 
metric,  and  the  loss  is  different  depending  on  the  direction 
of  the  resonance  crossing.  More  importantly,  the  loss  ob¬ 
served,  for  example,  on  a  current  monitor  depends  not  just 
on  the  resonance  strength  but  on  the  beam-pipe  character¬ 
istics  as  well.  In  that  sense,  the  measurement  via  the  stop- 
band  is  indirect  and  does  not  provide  a  desired  accuracy. 

Another  way  of  correction  is  to  measure  the  islands  of 
the  nonlinear  resonance.  The  island  width,  to  first  order,  is 


where  a  describes  tune  change  at  the  island  center,  J0 
is  action  at  the  island  center.  Measurement  of  the  island 
width  gives  a  more  direct  information  about  the  resonance 
strength  since  it  is  independent  from  losses  on  the  beam 
pipe.  Of  course,  one  needs  to  answer  the  question  what  is 
the  role  of  the  nonlinearity  a  in  such  a  measurement,  espe¬ 
cially  when  it  will  dynamically  change  and  become  large 
due  to  the  space  charge  in  the  process  of  accumulation.  A 
systematic  study  of  this  question  was  performed  and  find¬ 
ing  are  summarized  below. 

An  accurate  way  to  obtain  information  about  the  island 
width,  is  to  perform  tune  ( Q )  vs  amplitude  (A)  scan  near 
the  resonance  of  interest.  The  flat  region  in  tune  values 
on  the  Q  vs  A  diagram  gives  information  about  the  width 
of  the  island  [4].  The  resonance  is  corrected  by  minimizing 
this  flat  region  to  zero.  Such  a  method  requires  a  significant 
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used  in  the  UAL  to  simulate  a  dynamic  accumulation  pro¬ 
cess  with  and  without  the  resonance  correction.  Various 
aspects  of  correction  were  studied  using  the  sextupole  res¬ 
onances.  The  studies  were  then  extended  to  include  the  4th 
order  resonances.  Here,  we  present  the  studies  based  on  a 
lumped  source  of  errors,  where  randomly  distributed  errors 
were  lumped  into  a  single  magnet.  Also,  for  the  studies  of 
the  sextupole  resonances,  the  strength  of  errors  was  taken 
5  times  bigger  than  currently  measured  while  for  the  oc- 
tupole  resonances  -  10  times  bigger.  A  larger  strength  of 
errors  was  required  in  order  to  see  an  appreciable  emittance 
growth  during  the  accumulation  cycle. 


Figure  1:  w.p.(6.36,6.22),  N  —  0  6-1014:  sextupole  errors, 
no  correction-red  (long-dash)  line;  correction  of  3 Qx  — 
19-green  (short-dash)  line;  no  errors-blue  (solid)  line. 


amount  of  time  due  to  a  required  amplitude  scanning.  An 
alternative  way  to  get  similar  information  quickly  is  to  kick 
the  beam  into  the  islands  and  measure  the  corresponding 
frequency  spectrum.  When  some  portion  of  the  beam  is 
locked  into  the  island,  one  obtains  the  corresponding  peak 
with  the  tune  measurement  device.  The  correction  knobs 
are  used  to  adjust  the  amplitude  of  the  peak  in  the  spectrum 
to  zero.  Such  a  method  was  recently  applied  for  correction 
of  nonlinear  resonances  at  RHIC  [5].  In  simulations,  we 
use  the  Q  vs  A  method  to  find  the  best  strength  for  the 
correctors  and  compare  it  with  the  stopband  compensation. 


Figure  2:  w.p.  (6.36,6.22),  N  =  2  -  1014:  sextupole  er¬ 
rors  without  correction  -  red  (long-dash)  line;  correction  of 
3 Qx  =  19-green  (short-dash);  correction  of  SQX  =  19, 
2 Qy  —  Qx  =  6  resonances  -  pink;  no  errors  -  blue  (solid). 


APPLICATION  TO  THE  SNS 

First,  the  strength  of  correctors  are  found  for  a  zero  space 
charge  using  the  DYNA  code.  The  nonlinearity  due  to  the 
quadrupole  fringe  fields  generate  islands  of  a  finite  width. 
It  was  also  found  that  the  magnitude  of  the  nonlinearity  is 
not  important,  and  that  correction  works  nicely  even  for 
dynamic  increase  of  the  strength  of  the  nonlinearity  due  to 
the  space  charge.  The  corresponding  correctors  were  then 


Correction  of  3rd  order  resonances 

With  only  the  sextupole  errors  being  introduced,  Fig.  1 
shows  the  beam  halo  at  the  end  of  accumulation  for  the  w.p. 
(6  36, 6  22)  and  intensity  N  =  0  6  *  1014  protons.  With¬ 
out  correction,  the  loss  due  to  the  3 Qx  =  19  resonances  is 
about  2%  at  the  acceptance  of  240  tt  [mm  mrad].  When  the 
resonance  is  corrected  (with  two  correctors  at  large  /3X),  the 
loss  goes  to  zero  at  this  acceptance.  The  intensity  is  then 
further  increased  to  2  •  1014  and  the  loss  increases  to  1  6% 
(shown  in  Fig.  2).  This  is  due  to  the  next  sextupole  res¬ 
onance  2 Qy  —  Qx  =6,  crossed  at  higher  intensity.  We 
now  use  two  other  correctors  at  large  j3y  to  correct  this  res¬ 
onance.  The  corresponding  loss  with  correction  of  both 
resonances  decreases  to  0  5%.  Note,  that  although  a  good 
correction  of  p  —  6  harmonic  was  possible  in  simulation, 
it  will  not  be  that  good  in  practice,  since  the  present  loca¬ 
tion  of  the  sextupole  correctors  in  the  SNS  provides  good 
correction  only  for  the  odd  harmonics.  As  a  result,  use  of 
other  magnets  with  a  proper  phase  advance  (like  some  of 
chromatic  sextupoles)  will  be  needed  for  compensation  of 
the  resonances  due  to  the  sixth  harmonic. 

The  fact  that  present  location  of  correctors  in  the  SNS 
allows  a  good  control  over  the  odd  harmonics  tempted  us 
to  explore  how  far  in  intensity  we  can  actually  go  with 
the  resonance  correction,  choosing,  for  example,  the  w.p. 
(6.4, 6.3).  All  the  working  points  used  here,  of  course, 
should  be  understood  as  an  approximate.  In  real  life,  one 
would  be  unlikely  to  tune  the  lattice  exactly  to  a  sum  res¬ 
onance.  However,  the  space  charge  pushes  the  tunes  away 
from  this  resonance,  and  a  good  correction  is  possible,  as 
shown  in  simulations.  Figure  3  demonstrates  correction  of 
Qx  +  2 Qy  =  19  and  3 Qx  —  19  resonances,  using  two 
different  sets  of  correctors.  The  pink  (dotted)  curve  cor¬ 
responds  to  AT  =  3  •  10 14  and  black  (upper  solid)  curve 
corresponds  to  4  •  1014  with  both  corrections  being  ap¬ 
plied.  Adjusting  the  location  of  primary  scraper,  we  can 
attempt  to  push  intensity  to  almost  4  •  1014  with  relatively 
low  losses,  which  was  speculated  before  by  constructing 
the  loss  curves  without  resonance  correction  [6]. 

Simultaneous  correction  of  various  resonances 

The  studies  were  extended  to  include  the  normal  and 
skew  octupole  resonances,  although  the  SNS  does  not  have 
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total  emittance  [mm  mrad] 


Figure  3:  w.p.  (6.4, 6.3):  N  =  2  •  1014,  no  correction  -  red 
(long-dash  line);  correction  of  3 Qx  =  19  and  Qx  +  2 Qy  = 
19  resonances:  2  •  1014-green  (short-dash),  3  •  1014-pink 
(dotted  line),  4  *  1014 -black  (upper  solid  line). 


6.1  6.2  6.3  6.4  6.5 

Qx 


Figure  5:  Tune-space  with  3rd  and  4th  order  resonances 
need  for  correction  of  w.p.  considered. 


skew-octupole  correctors  at  the  present  moment.  In  all  the 
cases,  we  were  able  to  achieve  a  good  correction  results. 
For  example,  Fig.  4  shows  high-intensity  loss  for  the  w.p. 
(6.36,6.22),  with  both  sextupole  and  octupole  errors,  and 
correction  of  3rd  and  4th  order  resonances. 


Figure  4:  w.p.  (6.36,6.22),  N  =  2  •  1014:  no  errors-blue 
(solid  line);  octupole  and  sextupole  errors,  no  correction- 
red  (long-dash  line);  correction  of  3 Qx  =  19,  2 Qy  -  Qx  = 
6,  and  2QX  -f  2 Qy  =  25  resonances-green  (short-dash). 


of  emittance  and  adiabatic  increase  of  losses  when  intensity 
is  slowly  increased  [1].  It  also  explains  why  the  strength  of 
the  nonlinearity  is  not  important  in  the  resonance  correc¬ 
tion.  This  is  because  the  nonlinearity  determines  the  maxi¬ 
mum  amplitude  of  period-p  oscillations  of  the  correspond¬ 
ing  collective  mode  (fixed  point  of  an  island),  while  the 
width  of  the  resonance,  in  first  order,  is  determined  just  by 
the  resonance  strength  k.  As  a  result,  if  one  manages  to 
measure  and  correct  the  stopband  of  the  resonance  with  a 
good  accuracy  experimentally,  such  a  correction  will  give 
results  as  good  as  the  island  correction.  This  was  confirmed 
in  present  simulations  with  good  correction  being  achieved, 
using  both  the  stopband  and  island  correction  methods. 

SUMMARY 

Correction  of  the  nonlinear  resonances  with  application 
to  high-intensity  operation  was  studied.  Our  findings  sug¬ 
gest  that  it  should  be  possible  to  correct  resonances  with  a 
good  accuracy  and  thus  control  beam  loss  at  a  low  level. 
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Figure  5  shows  the  tune  space  with  all  the  3rd  and  4th  or¬ 
der  resonances  which  require  correction  for  the  two  work¬ 
ing  points  being  considered.  We  were  able  to  achieve  very 
good  correction  with  a  loss  at  the  primary  scraper  of  about 
5  •  10~3.  Even  though,  the  loss  is  still  higher  than  the  one 
without  resonance  excitation,  it  should  be  possible  to  reach 
the  uncontrolled  beam  loss  of  desired  level  by  adjusting  the 
aperture  of  the  primary  scraper. 


SELF  CONSISTENT  DESCRIPTION 

Although  we  used  the  terminology  of  a  single-particle 
dynamics,  the  same  description  can  be  given  using  a  self- 
consistent  approach  of  collective  dynamics.  It  provides  a 
physical  picture  of  dynamics  process,  including  the  growth 
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Abstract 


The  space-charge  limit  is  imposed  by  beam  response 
to  low-order  machine  resonances.  Here,  the  coherent  re¬ 
sponse  of  the  beam  to  such  resonances  is  discussed,  in¬ 
cluding  the  parametric  resonance  of  collective  beam  modes 
with  the  periodic  lattice,  also  known  as  the  ’’envelope  insta¬ 
bility”,  when  the  second-order  beam  modes  are  considered. 
The  relation  of  this  parametric  resonance  to  the  coherent 
resonance  condition  of  an  integer  type  is  explained.  Practi¬ 
cal  application  of  such  resonant  responses  to  both  structural 
and  imperfection  driven  harmonics  is  addressed. 

INTRODUCTION 

When  choosing  the  operating  point  in  the  tune  space, 
one  carefully  avoids  resonances  driven  by  the  lattice  peri¬ 
odicity  (structure  resonances).  However,  unavoidable  pres¬ 
ence  of  errors  in  the  magnetic  field  sets  restrictions  asso¬ 
ciated  with  the  imperfection  resonances.  As  a  result,  the 
condition  that  the  individual  particle  tune  should  not  be 
depressed  by  the  space  charge  to  integer  or  half-integer 
values  is  known  as  the  space-charge  limit.  We  note  that 
such  a  definition  of  the  space  charge  limit  is  different  from 
the  one  used  in  a  special  class  of  circular  machines  (for 
example,  in  cooler  rings)  where  additional  efforts  are  un¬ 
dertaken  to  compensate  for  emittance  growth.  The  maxi¬ 
mum  achievable  intensity  associated  with  crossing  of  the 
integer  or  half-integer  tunes  was  first  formulated  using  the 
single-particle  approach.  Subsequently,  a  more  accurate 
treatment  of  collective  beam  dynamics  gave  better  under¬ 
standing  of  the  beam  response  to  such  resonances  [l]-[2]. 
Such  a  coherent  resonance  condition,  corresponding  to  the 
half-integer  single-particle  resonance  (n/2  =  v ,  where 
v  —  v o  “  Avsc  and  z/0  is  the  zero-current  tune),  is 

n  =  n2  =  2u0  -  Aft2jSC,  (1) 

where  Q2  is  the  frequency  of  the  2nd  order  coherent  os¬ 
cillation  mode  of  the  beam.  The  coherent  resonance  con¬ 
dition  in  Eq.  1  was  first  derived  using  an  approximation 
of  smooth  focusing.  Subsequently,  it  was  shown  that  AG 
focusing  can  lead  to  an  additional  subset  of  collective  in¬ 
stabilities  [3].  Such  an  instability  due  to  the  lattice  period¬ 
icity,  corresponds  to  a  coherent  resonance  of  the  parametric 
(half-integer)  type: 

_ n/ 2  =  Q2,  (2) 
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also  known  as  the  ’’envelope  instability”  [4].  As  one  can 
see  from  Eq.  2,  the  envelope  instability  limits  the  allow¬ 
able  tune  space  to  only  0.25  and  thus  may  have  an  ad¬ 
ditional  impact  on  the  performance  of  high-intensity  ma¬ 
chines.  It  is  therefore  extremely  important  to  understand 
when  such  envelope  instability  should  be  taken  into  ac¬ 
count,  and  whether  it  can  alter  the  space-charge  limit  gov¬ 
erned  by  Eq.  1.  The  primary  goal  of  this  paper  is  to  ex¬ 
plain  the  difference  between  the  coherent  integer  and  half¬ 
integer  envelope  responses  and  provide  practical  guide¬ 
lines  for  consideration  of  the  envelope  instability  in  rings. 
For  completeness,  we  also  discuss  coherent  resonances  for 
high-order  beam  modes. 

GENERAL  ANALYSIS 

We  start  with  the  m  —  2  modes,  allowing  us  to  employ 
the  envelope  equation: 

a"  +  K(s)a-^--=  0,  (3) 

a3  a 

where  K  ( s )  is  the  periodic  focusing  function,  e  is  the  beam 
emittance,  k  is  the  space  charge  parameter,  and  a  is  the 
radius  of  a  round  beam.  For  simplicity,  we  replace  the 
periodic  focusing  by  a  time-dependent  perturbation.  The 
linearized  envelope  equation  for  small  oscillations  [a  — > 
a0(l  +  u)\  is  then 

u"  -1-  ft2^  +  (nt)  =  (1  +  u)i/q  ^  an  cos (nO)  *f  (n£),  (4) 

n 

where  nt  stands  for  ’’nonlinear  terms”.  If  the  coefficient  an 
becomes  large,  as  in  the  case  of  periodic  focusing,  a  more 
accurate  treatment  of  the  stationary  state  is  required  [5].  In 
Eq.  4,  the  term  which  drives  matched  periodic  oscillation  of 
the  beam  envelope  and  the  term  which  describes  the  oscil¬ 
lations  around  such  a  periodic  solution  are  both  kept  on  the 
r.h.s.,  for  comparison.  In  principle,  these  two  terms  should 
be  treated  separately,  since  the  first  term  is  just  the  closed 
orbit  solution  (matched  solution  in  the  presence  of  a  time 
dependent  perturbation).  However,  when  only  the  second 
term  is  kept,  as  typically  done  to  consider  beam  stability  as 
a  result  of  periodic  focusing,  an  important  implication  of 
the  first  term  may  be  overlooked.  In  particular,  the  resonant 
growth  of  such  stationary  solutions  near  the  half-integer 
tunes,  due  to  the  first  term,  becomes  an  important  effect, 
known  as  Smith/Sacherer  space-charge  induced  coherent 
beam  response  to  the  imperfection  resonances.  Here,  the 
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resonant  response  is  considered  both  for  the  case  when  the 
integer  and  half-integer  coherent  response  occurs  at  differ¬ 
ent  tunes,  as  well  as  when  the  driving  harmonics  provide  a 
resonance  condition  for  both  resonances  at  the  same  tune. 

The  first  term  on  the  r.h.s.  of  Eq.  4  corresponds  to  an 
integer  02  =  rii  coherent  resonance  of  the  beam  enve¬ 
lope  with  harmonic  ni,  which  occurs  near  the  half-integer 
single-particle  tunes.  The  second  term  on  the  r.h.s.  of  Eq.  4 
gives  the  coherent  resonance  of  the  half-integer  (paramet¬ 
ric)  type:  £72  =  ^2/2,  where  n2  is  now  another  harmonic 
different  from  ni.  The  limitation  due  to  this  linear  para¬ 
metric  resonance  of  the  envelope  modes  with  the  periodic 
focusing  structure  suggests  a  design  with  the  zero-current 
single-particle  phase  advance  ao  per  focusing  period  below 
90°.  In  rings,  such  a  condition  corresponds  to  the  struc¬ 
ture  resonance  which  occurs  near  the  single-particle  tunes 
v  —  Nj 4  with  N  being  the  structure  harmonic.  However, 
the  structure  resonances  are  typically  avoided  by  the  choice 
of  the  operating  tune-box  resulting  in  the  limitation  due 
the  imperfection  resonances.  Note  that  in  a  special  class 
of  rings  (such  as  cooler  rings),  where  additional  measures 
are  undertaken  to  compensate  emittance  growth  due  to  the 
crossing  of  the  imperfection  resonances,  one  recovers  the 
situation  as  in  linear  transport  systems. 


Resonance  strength 


The  width  of  the  linear  parametric  resonance  is  [5]: 


Ae  «  ~-an  — 


20  2y/2 


a. 


(5) 


where,  as  an  example,  we  substituted  for  0  the  frequency 
of  the  in-phase  mode,  with  77  being  the  tune  depression  de¬ 
fined  as  r)  =  v/i/q.  It  depends  linearly  on  the  strength  of 
the  imperfection  error  an  (to  first  order).  Such  a  strength  is 
very  small  for  typical  imperfection  errors  (much  less  than 
the  1%  level).  As  a  result,  the  corresponding  resonance 
is  expected  to  be  very  narrow  and  the  envelope  growth  is 
detuned  at  a  very  low  level  due  to  the  non-linear  terms  in 
Eq.  4,  which  was  confirmed  by  numerical  simulation  [6]. 
This  is,  in  fact,  the  reason  why  the  effect  of  the  envelope 
instability  in  rings  is  negligible,  provided  that  the  tune-box 
is  chosen  free  of  the  structure  resonances  and  only  imper¬ 
fection  harmonics  are  of  a  concern. 

On  the  contrary,  when  the  source  of  the  parametric  driv¬ 
ing  term  in  Eq.  4  is  due  to  the  periodicity  of  the  lattice,  the 
width  of  the  resonance  may  become  significant.  Strictly 
speaking,  a  perturbation  approach  is  not  applicable  for  very 
large  an,  and  one  needs  to  solve  the  exact  equation  with  pe¬ 
riodic  focusing  numerically.  This  defines  the  stopbands  of 
the  structure  resonances  which  should  be  avoided. 


Combined  resonance  response 

If  the  zero-current  tune  is  chosen  in  the  tune-box  free 
from  the  structure  resonances  then  the  effect  of  the  para¬ 
metric  envelope  resonance  due  to  the  imperfection  harmon¬ 
ics  at  1/ 4  tunes  is  negligible.  Also,  there  is  no  integer-type 
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Figure  1:  Growth  factors  for  imperfection  driven  envelope 
instability  with  working  point  vQx,y  =  6.333  and  a  large 
error  of  4%  in  harmonic  n  =  25. 


envelope  growth  at  such  tune  values  with  the  stationary  so¬ 
lution  for  periodic  oscillations  of  the  beam  envelopes  being 
well  defined.  When  one  approaches  the  integer  or  half¬ 
integer  tunes,  this  results  in  a  periodic  growth  of  the  beam 
envelopes  which  is  described  by  the  coherent  integer  re¬ 
sponse  in  Eq.  1.  At  such  tunes  there  is  also  the  possibility 
of  parametric  growth  of  the  envelopes  due  to  higher  har¬ 
monics.  For  the  parametric  resonance  to  take  place  at  such 
tunes,  the  stopband  of  the  parametric  resonance  (due  to  the 
an2 )  should  be  much  larger  than  the  integer  stopband  due 
to  the  ani.  For  example,  in  the  PSR  LANL  lattice  with 
the  zero-current  betatron  tune  above  v  =  2.5,  the  para¬ 
metric  resonance  of  the  beam  envelope  would  take  place 
at  high-intensity  operation.  This  is  because  the  strength  of 
the  n  =  10  harmonic  (o;  10)  is  much  larger  than  that  of  the 
n  —  5  ((*5)  harmonic,  since  n  =  5  is  a  weak  imperfection 
harmonic  while  n  =  10  is  the  strongest  harmonic  with  the 
lattice  super-periodicity  P  =  10  [8]. 

Extension  to  non-linear  modes 

For  the  case  of  the  non-linear  imperfection  errors  one 
has  to  consider  tune  values  near  the  corresponding  imper¬ 
fection  resonances.  Similar  to  the  m  =  2  modes,  the  high- 
order  modes  can  have  resonant  growth  near 

n  —  Om,  (6) 

which  is  the  coherent  resonance  condition  for  any  order 
beam  mode  fim  derived  by  Sacherer  [2].  To  derive  such 
a  resonance  condition  for  m  >  2  modes  one  needs  to  use 
either  high-order  beam  moment  equations  or  the  Vlasov 
equation.  In  addition,  the  effect  of  the  periodic  focus¬ 
ing  adds  the  possibility  of  ?lm  resonating  at  the  half¬ 
integers,  which  corresponds  the  parametric  resonance  of 
beam  modes  [7]: 

nj  2  =  Hm.  (7) 

The  practical  discussion  for  the  typical  strength  of  an  im¬ 
perfection  error  is  now  similar  to  the  discussion  for  the 
m  =  2  modes  [5]. 

For  completeness,  we  note  that  in  the  absence  of  non¬ 
linear  imperfections,  the  periodic  oscillation  of  high-order 
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beam  modes  is  now  well  defined  so  that  the  condition 
n  —  Qm  no  longer  applies,  and  stability  is  now  determined 
solely  by  the  parametric  condition  n/2  =  [7].  In  fact, 

this  becomes  the  dominant  effect  in  the  high-current  trans¬ 
port  channel  or  cooler  rings.  With  harmonic  n  now  being 
the  structure  harmonic,  the  beam  encounters  a  whole  set  of 
instabilities  during  the  space-charge  tune  depression.  Such 
instabilities  were  first  numerically  explored  in  connection 
with  transport  channels  [3],  and  recently  were  analytically 
described  using  the  terminology  of  resonances  with  an  ap¬ 
plication  to  cooler  rings  [7]. 

When  the  beam  has  a  large  mismatch,  the  nonlinear 
terms  ignored  in  the  linearized  approach  can  play  an  im¬ 
portant  role.  In  such  a  very  general  case,  the  condition  for 
the  non-linear  parametric  resonance  is  [5]: 

n/k  =  Qm,  (8) 

where  k  now  stands  for  the  exponent  of  the  non-linear  term 
in  the  driving  potential.  This  is  similar  to  the  non-linear 
envelope  resonances  n/k  —  f]2  when  the  beam  envelopes 
are  mismatched  [9].  Also  note  that  in  such  a  form,  the  res¬ 
onance  condition  applies  also  for  the  coupling  resonances, 
since  the  subscript  m  only  indicates  the  order  of  the  mode. 

NUMERICAL  ANALYSIS 

Imperfection  envelope  instability 

We  used  the  KVXYG  [4]  code,  which  determines  the 
growth  factors  of  the  envelope  perturbations.  A  paramet¬ 
ric  resonance  of  the  beam  envelope  may  be  expected  in 
a  lattice  with  a  working  point  above  1/4  tunes.  We  have 
taken  a  constant  focusing  lattice  with  vqx^  =  6.333  and  a 
25-th  harmonic  gradient  error,  which  implies  cr0  =  91.2° 
per  error  harmonic.  For  a  large  error  of  4%,  only  very 
narrow  stopbands  of  the  out-of-phase  and  in-phase  modes 
are  found  at  cr  —  89.59°  and  a  —  88.78°  (correspond¬ 
ing  to  vx,y  =  6.222  and  vx,y  =  6.165),  respectively.  We 
also  confirmed  that  for  errors  of  2%  and  1%,  the  width  of 
these  stopbands  decreases  linearly  with  the  error  strength, 
in  agreement  with  the  stopband  of  the  parametric  resonance 
given  in  Eq.  5.  As  a  result,  the  instability  gets  detuned  at 
a  very  low  level.  This  allows  the  conclusion  [6]  that  the 
imperfection  driven  envelope  instability  for  working  points 
above  the  fractional  quarter-integer  tunes  can  be  ignored. 

Structure  envelope  instability 

The  case  of  the  parametric  resonance  of  the  beam  enve¬ 
lope  with  the  structure  lattice  harmonics  is  similar  to  the 
one  studied  with  application  to  the  transport  channels  or 
cooler  rings.  As  an  example,  for  a  working  point  above 
Vox,y  =  6,  as  in  the  SNS,  and  the  lattice  which  consists 
of  24  basic  cells,  we  calculated  the  instability  stopband  for 
a  cell  with  <r0  =  96°  corresponding  to  u0Xiy  =  6.4  (here 
u0  =  JV<to/(27t),  where  N  is  the  number  of  cells  in  the 
lattice).  We  noted  that  a  pronounced  instability  stopband 


Figure  2:  Growth  factors  for  structure  driven  envelope  in¬ 
stability  with  zero-current  phase  advance  of  a0  =  96°,  cor¬ 
responding  to  u0XiV  =  6.4. 

(Fig.  2)  with  a  growth  factor  above  unity  starts  for  full- 
current  phase  advance  a  <  88.84°  (corresponding  to  a  tune 
uXyy  —  5.92).  The  strong  flutter  of  the  matched  FODO  en¬ 
velope  couples  the  in-phase  and  out-of-phase  eigenmodes 
and  leads  to  a  single  stopband.  In  a  realistic  lattice  one 
tries  to  avoid  structure  resonances  by  choosing  the  work¬ 
ing  point  correspondingly. 

SUMMARY 

We  examined  the  impact  of  integer  and  half-integer  res¬ 
onances  of  the  collective  beam  modes  on  intensity  limita¬ 
tion  in  the  high-intensity  rings.  The  imperfection  driven 
resonance  of  the  beam  envelopes  was  found  to  be  negligi¬ 
ble.  As  a  result,  it  is  not  expected  to  impose  an  additional 
restriction  in  the  tune  space. 
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Abstract 

Fixed  target  studies  of  small  branching  ratio  decay 
processes  require  intense  beams  and  smooth  spills. 
Longitudinal  structure  arises  through  collective  effects, 
well  below  the  coasting  beam  stability  threshold.  These 
structures  have  been  observed  at  the  Brookhaven  AGS 
and  dependence  on  intensity  and  momentum  spread 
measured.  Measurements  and  amelioration  techniques 
have  been  developed  and  will  be  described. 

1  INTRODUCTION 

The  delivery  of  constant  beam  current  to  counter 
experiments  at  high  intensities  has  been  plagued  by 
excessive  noise  like  structure.  Two  unexpected 
phenomena  have  been  noted:  small  clusters  of  protons 
remain  as  stable  ‘hot  spots’  for  extended  times;  and  the 
Keil-Shnell  formula  predicts  an  impedance  50  times 
larger  than  expected. 

The  AGS  extraction  relies  on  the  chromaticity  of  the 
accelerator  and  an  induced  momentum  spread  in  the 
beam.  This  spread  is  -1/2%  delP/P  and  the  field  is 
lowered  by  this  amount  over  the  two  seconds  of  flattop  to 
spiral  the  debunched  beam  into  a  third  integer  resonance. 
Spill  ripple  initially  was  dominated  by  correction  supplies 
that  modulated  the  betatron  tune.  This  was  nearly 
eliminated  with  the  installation  of  low  ripple  power 
supplies 

With  intensity  increases  in  the  AGS  spill  ripple  again 
increased.  This  is  due  to  collective  effects  in  the  spiraling 
beam  awaiting  extraction.  Measurement  of  the  AGS  is 
required  to  understand  how  these  bunches  behave  or  even 
exist.  Also  this  affects  the  limit  to  coasting  beam 
intensity,  which  will  be  pushed  for  proton  operation  of  the 
AGS. 

2  SPILL  MEASUREMENTS 

The  external  beam  current  at  the  AGS  is  measured  by  a 
secondary  emission  chamber  with  3  kHz  electronics.  The 
first  two  figures  show  how  the  structure  increases 
disproportional  with  intensity.  The  first  is  at  2xl013  (20 
TP)  protons  extracted  from  the  AGS.  The  ripple  in  the 
current  is  steady  and  due  to  power  supply  ripple.  The 
second  shows  large  bursts  of ‘noise’  in  the  spill.  The  spill 
bursts  are  fast  as  see  in  Fig  3,  some  only  a  few  mSec.  The 
average  momentum  swing  over  this  period  is  less  than  the 
5-7x1  O*4  tune  width  of  the  extraction  resonance  times  the 
chromiticity 

♦Work  performed  under  Contract  Number  DE-AC02- 

98CH 10886  with  the  US  Department  of  Energy 


The  density  in  momentum  of  these  ‘hot  spots’  is  of  order 


Fig  2:  SEB  Beam  Current  @  50  TP  in  AGS 


Fig  3:  Fast  Sweep  of  Spill  Structure  50  &  20  TP 

That  these  bursts  are  not  periodic  is  seen  in  the  spectra  of  the 
current,  at  high  intensity  it  is  mostly  a  noise  continuum  not  the 
series  of  harmonics  as  seen  at  lower  intensity. 
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Fig  4:  Spectrum  of  Spill  Current  -  20  TP  /  2Sec 
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Fig  5:  Spectrum  of  Spill  Current  -  50  TP  /  2Sec 


3  COASTING  STABLE  BUNCHES 

These  hotspots  are  also  visible  longitudinally  on  our 
fast  (100  MHz)  beam,  or  wall,  current  monitor.  This 
display  plots  100  sequential  traces  from  the  scope  each  5 
mSec  later  and  plots  them  in  front  of  the  last  as  a  contour 
map,  ‘mountain  range’,  plot.  Each  trace  is  about  one  and 
a  half  AGS  revolutions  so  the  whole  turn  is  shown.  The 
beam  is  debunched  on  flat  top  by  jumping  the  RF  phase  to 
the  unstable  fixed  point  and  defocusing  for  a  quarter 
synchrotron  oscilation,  then  shutting  down  the  RF.  The 
plotting  starts  within  a  few  mSec  after  this  and  continues 
into  spill  time.  There  are  clusters  of  protons  that  remain 
stable  for  hundreds  of  mSec.  The  way  they  interact  is 
reminiscent  of  the  ‘holes’  simulated  and  measured  in  the 
CERN  PS  Booster  [1].  The  theory  of  solitons  in  coasting 
beams  in  this  paper  predicts  that  hot  spots  should  be 
associated  with  a  focussing  impedance.  However  AGS 
extraction  is  well  above  transition  and  previous 
measurements  [2]  suggest  an  inductive  broad  band  |Z/n|  « 
10  £1  This  leads  to  a  defocusing  impedance.  The  actual 
Z/n  is  a  function  of  frequency  and  our  data  suggests  that 
the  details  of  the  frequency  dependence  are  important. 
Figs  6  &  7  show  that  there  are  ‘hot  spots’  and  not  ‘holes’ 
on  the  beam. 


Fig  6:  Lasting  Bunches  on  Mountain  Range 


We  studied  how  these  bunches  were  effected  by 
intensity  in  the  AGS  and  the  energy  spread  induced 
during  RF  turnoff.  For  a  series  of  RF  voltages  at  turn  off, 
with  and  without  the  phase  jump,  we  watched  these 
bunches  decay  or  not  for  different  intensities.  The  current 
of  the  bunches  was  recorded. 


IK  070  OK  100  170  i  jo  ISO  > «:  7  r;  Uc 

Fig  7:  Mountain  Range  for  109  Gold  Ions,  showing  a 
picture  of  solitons  of  gold  show  and  that  high  intensity  is 
not  essential  for  stable  isolated  clusters. 


Also  we  measured  the  resultant  momentum  spread  for 
various  RF  voltages  at  turnoff.  Two  methods  were  used 
as  shown  in  Fig  8.  First  the  difference  in  rotation 
frequency  within  an  accelerated  beam  bunch  was 
measured  by  noting  how  much  the  bunch  widened  over  50 
mSec.  Note  the  asymmetry  of  debuncing  is  similar  to  that 
modeled  and  seen  in  the  CERN  SPS  [3].  The  other 
method  was  to  measure  the  time  for  the  beam  to  be 
extracted  with  a  constant  rate  of  fall  of  the  main  magnet 
field.  This  time  is  determined  by  the  tune,  thus 
momentum,  width  of  the  beam 


Fig  8:  Debunching  and  Spill  pictures  for  measurement. 

Table  I:  Measured  Momentum  Spread 
RF  Volt  Del  P/P  -  % 


kV 

Debunch 

Spill 

0 

0.337 

0.26 

8 

0.422 

0.35 

15 

0.432 

0.35 

60 

0.48 

0.41 
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Bunch  Current  Vs  Intensity 
for  Various  Debunching  rf  Voltages 


Accelerated  Intensity  in  TP 


Fig  9:  Beam  Current  of  ‘Hot  Spots’ 

The  results  of  this  ‘mapping’  show  that  the  primarily 
affector  of  hot  spot  size  is  the  beam  intensity  during 
acceleration  and  the  RF  voltage  at  debunching  has  little 
effect, 


V  P  )  n  / q) 


This  is  an  extension  Koscielniak’s  work  [1]  which  gives 
a  criteria  for  stable  solitons  For  stable  solitons  to  exist  in 
the  AGS  above  transition,  with  its  r\  =  0.0116  and  an 
ET/q  =  20  GeV  and  using  a  broad  band  Z/n  =  10Q  ,  for 
0.1  A  of  protons  the  delP/P  would  be  7.4x1 0'5;  and  for  the 
2xl09  Gold  ions  with  a  full  delP/P  of  ~2.5xl  O'4  the  delP/P 
of  a  soiiton  of  10%  ot  the  beam  would  have  a  delP/P  of  10 
5.  We  currently  do  not  have  the  capacity  to  measure  this 
but  it  may  be  possible  using  the  SEB.  This  calculation 
assumes  a  negative  inductance  contrary  to  the  above 
mentioned  measurement. 

4  AGS  IMPEDANCE 

While  mapping  the  effects  on  the  stable  bunches  during 
the  spill,  we  also  raised  intensity  with  the  RF  voltage  held 
constant  and  noted  beam  losses.  The  intensity  and 
momentum  spread  that  the  beam  goes  unstable  and  is  lost 
is  a  function  of  the  impedance. 


Fig  10:  Beam  Loss  vs.  Intensity,  constant  delP/P 


Assuming  that  this  behavior  is  the  result  of  a  coasting 
beam  longitudinal  instability  and  applying  the  Keil- 


Schnell  criteria  [4],  implies  [|Z/n}  «  550  £1  Using  this 
impedance,  the  expected  limit  of  beam  intensity  vs. 
momentum  spread  and  results  from  this  test  are  plotted. 


Fig  1 1:  Surviving  Beam  Intensity  vs.  delP/P 


This  value  is  more  than  50  times  larger  than  previous 
estimates.  We  conclude  that  if  the  data  in  Fig  10  &  1 1  are 
due  to  longitudinal  effects,  which  is  reasonable 
considering  the  quantity  of  ‘seed’  solitons,  these  effects 
cannot  be  understood  within  the  context  of  linear  stability 
theory.  To  achieve  100  TP  (1014),  a  0.7  %  delP/P  would 
be  necessary  to  stabilize  the  beam. 

5  AMELIORATION 

The  VHF  cavity  continues  to  be  our  main  stay  to 
prevent  bunches  affecting  the  spill  [5].  Whether  it  will 
continue  to  be  effective  at  higher  intensities  is  a  concern. 

6  CONCLUSIONS 

The  high  impedance  measured  must  be  better 
understood.  This  is  presumably  why  bunches  are  stable 
above  transition,  while  it  is  expected  with  normal 
inductive  impedance  they  would  be  unstable  and  disperse. 
Understanding  and  correcting  or  compensating  for  this 
impedance  would  have  a  great  benefit  on  machine 
performance. 
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Abstract 

The  Spallation  Neutron  Source  (SNS)  accumulator  ring 
is  designed  to  accumulate,  via  H-  injection,  protons  of 
2  MW  beam  power  at  1  GeV  kinetic  energy  at  a  repeti¬ 
tion  rate  of  60  Hz  [1].  At  such  beam  intensity,  electron- 
cloud  is  expected  to  be  one  of  the  intensity-limiting  mech¬ 
anisms  that  complicate  ring  operations.  This  paper  summa¬ 
rizes  mitigation  strategy  adopted  in  the  design,  both  in  sup¬ 
pressing  electron-cloud  formation  and  in  enhancing  Lan¬ 
dau  damping,  including  tapered  magnetic  field  and  moni¬ 
toring  system  for  the  collection  of  stripped  electrons  at  in¬ 
jection,  TiN  coated  beam  chamber  for  suppression  of  the 
secondary  yield,  clearing  electrodes  dedicated  for  the  injec¬ 
tion  region  and  parasitic  on  BPMs  around  the  ring,  solenoid 
windings  in  the  collimation  region,  and  planning  of  vacuum 
systems  for  beam  scrubbing  upon  operation. 

INTRODUCTION 

Electron-cloud  effects  are  important,  but  incompletely 
understood  phenomena.  Effects  that  can  severely  limit  the 
performance  of  high-intensity  proton  synchrotrons  include 
trailing-edge  tune-shift  and  resonance  crossing,  electron- 
proton  instability,  emittance  growth  and  beam  loss,  in¬ 
creases  in  vacuum  pressure,  heating  of  the  vacuum  pipe, 
and  interference  with  beam  diagnostics.  Similar  to  the  Pro¬ 
ton  Storage  Ring  at  Los  Alamos  (LANL),  where  a  strong, 
fast  transverse  instability  occurs  when  a  threshold  intensity 
is  exceeded  [2],  the  effects  may  limit  the  performance  of 
the  SNS  accumulator  ring  [3, 4]. 

ELECTRON  GENERATION 

We  classify  electron  production  into  the  following  cate¬ 
gories:  (1)  electrons  generated  at  the  stripping  foil  in  the 
injection  region;  (2)  electrons  generated  at  the  surfaces  of 
collimators  and  vacuum  pipe  due  to  the  impact  of  lost  pro¬ 
tons;  (3)  electrons  produced  by  beam-induced  multipact- 
ing  from  the  vacuum-pipe  wall;  and,  (4)  electrons  produced 
around  the  ring  from  residual-gas  ionization. 

Injection  stripping 

During  the  H“  charge-exchange  injection  at  1  GeV 
beam  energy,  the  stripped  electrons  with  a  kinetic  energy 

*SNS  is  managed  by  UT-Battelle,  LLC,  under  contract  DE-AC05- 
OOOR22725,  DE-AC03-76SF00098,  DE-AC03-76SF00515  for  the  U.S. 
Department  of  Energy.  SNS  is  a  partnership  of  six  national  laboratories: 
Argonne,  Brookhaven,  Jefferson,  Lawrence  Berkeley,  Los  Alamos,  and 
Oak  Ridge. 

t  jwei@bnl.gov 
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Figure  1:  Injection  area  schematic  layout. 

of  545  keV  and  a  power  of  2  kW  are  collected  by  a  water- 
cooled  catcher  (Fig.  1).  These  electrons  backscatter  from 
the  catcher  and  the  vacuum  chamber,  resulting  in  a  high 
concentration  of  electrons  with  a  broad  energy  spectrum. 
The  injecting-  and  circulating-beams  impacting  on  the  foil 
produce  secondary  emission  of  electrons  at  tens  of  eV  en¬ 
ergy.  The  injecting-  and  circulating-beam  also  produce 
knock-on  electrons  at  a  high  energy  (up  to  several  MeV). 
The  stripping-foil,  operating  at  a  high  temperature  around 
2000  K,  emits  thermionic  electrons  at  low  energy  [5]. 

Collimation  region 

The  collimators  are  designed  to  collect  more  than  90% 
of  the  beam  loss  in  the  ring  (Table  1).  Protons  incident  on 
the  collimator  surfaces  produce  secondary  electrons.  De¬ 
pending  on  the  energy  of  the  beam  and  the  incident  angle, 
the  secondary  electron-to-proton  yield  can  greatly  exceed 
1  when  the  incident  beam  is  nearly  parallel  to  the  surface 
[6].  Although  a  serrated  surface  reduces  the  generation  of 
secondary-emission  electrons,  it  is  practically  ineffective 
since  protons  incident  on  the  front  edge  of  the  teeth  eas¬ 
ily  escape  from  the  collimator  body  due  to  the  long  proton 
stopping-length  (about  one  meter)  at  1  GeV  energy. 


Table  1:  Estimated  beam  loss  in  the  SNS  ring  of  a  2  MW 
beam. _ 


Mechanism 

Location 

Fraction 

Power 

[W/m] 

ring  beam  halo 

collimator 

1.9  x  10  “3 

2xl03 

excited  H°  at  foil 

collimator 

1.3  xlO-5 

20 

energy  straggling  at  foil 

collimator 

3xl0~6 

4.5 

H~  magnetic  strip. 

inj.  dipole 

1.3  xlO"7 

0.3 

nucl.  scatt.  at  foil 

foil 

3.7  xlO-5 

2.5 

collimation  ineff. 

all  ring 

10"4 

0.9 
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Figure  2:  Computer  simulation  of  electron  generation  in 
the  SNS  ring.  The  beam  intensity  is  2x10 14  per  bunch. 
The  peak  secondary-emission  yield  (SEY)  is  assumed  to 
be  2.  The  peak  neutralization  level  is  about  10%  within  the 
proton  rms  beam  radius,  and  about  100%  on  average  within 
the  beam  pipe. 

Beam-induced  Multipacting 

Beam-induced  single-bunch,  trailing-edge  multipacting 
is  likely  to  be  the  leading  source  of  sustained  electron- 
production  [2, 7].  Electrons  are  attracted  towards  the  rising 
edge  of  the  proton  bunch.  At  the  trailing  edge  of  the  pro¬ 
ton  bunch,  electrons  are  released  and  yet  still  accelerated 
by  the  bunch  to  multipact.  The  number  of  electrons  grows 
exponentially  at  the  trailing  edge  of  the  proton  bunch.  The 
energy  gained  by  an  electron  is  approximately  [4] 

AEe  «  4mec20b^^L  (1) 

where  N0  is  the  number  of  protons  in  the  bunch,  sb  is  the 
bunch  separation,  b  is  the  pipe  radius,  and  Bf  is  the  bunch¬ 
ing  factor.  For  the  SNS  ring,  N0  =  2  x  1014,  sb  =  248  m, 
Bf  ~  ,0.5,  6  ~  0.1  m,  and  /3  =  0.875.  The  characteristic 
energy  gain  is  approximately  A Ee  «  97  eV.  Single-bunch, 
trailing-edge  multipacting  is  expected  to  occur  (Fig.  2)  [8]. 

Ionization 

The  rate  of  electron  line-density  increase  per  unit  length 
of  circumference  is  given  by  the  relation 

d  _  Pmfllo'ionP  ^ 

dtds  ~  e  (2) 

where  I  is  the  beam  current,  aion  is  the  cross-section,  P 
is  in  units  of  Torn  At  the  room  temperature  of  300  K,  the 
molecular  density  pm  is  about3.3x  1022  m-3.  For  the  SNS 
ring  at  a  pressure  of  10-8  Torr,  a  total  number  of  2.6  x  109 
electrons  is  produced  per  turn  when  the  proton  intensity  is 
2  x  1014.  Residual  gas  ionization  may  feed  these  “seed” 
electrons  to  the  trailing-edge  multipacting  process. 

MITIGATION  MEASURES 

Control  of  the  electron-cloud  effects  involves  design 
consideration  to  minimize  the  beam  loss,  suppression  of 
electron  generation,  and  enhancement  of  Landau  damping. 


Low-loss  design  &  operation 

Minimization  of  beam  loss  is  of  primary  importance  [1]. 
Having  a  large  transverse  vacuum-pipe  aperture  and  long, 
uninterrupted  straight-sections  are  the  two  most  important 
aspects  considered.  Collimators  play  an  essential  function 
in  localizing  the  beam  loss  to  controlled  areas. 

Landau-damping  enhancement 

A  large  vacuum-pipe  aperture  in  high  dispersion  area 
and  a  large  RF  voltage  provide  sufficient  momentum  accep¬ 
tance  of  =hl%  for  a  4807r/zm  transverse  acceptance.  Longi¬ 
tudinal  painting  is  used  to  expand  the  momentum  spread  of 
the  injecting  beam.  Lattice  sextupole  families  are  used  for 
chromatic  adjustments,  to  either  improve  momentum  ac¬ 
ceptance  or  enhance  damping.  Octupoles  are  also  available 
for  a  possible  further  enhancement. 

Electron  suppression 

Injection  area  control  Two  chicane  dipoles  are  special 
tapered  to  guide  stripped  electrons  [9].  The  electron  col¬ 
lector  is  made  of  low  charge-state  C-C  material  with  low 
backscattering  yield. 

Clearing  electrodes  A  dedicated  clearing  electrode  is 
implemented  inside  the  stripping-foil  assembly.  A  voltage 
up  to  10  kV  can  be  applied,  adequate  to  suppress  multi¬ 
pacting  in  the  injection  region.  BPMs  around  the  ring  are 
designed  to  be  also  used  as  clearing  electrodes  capable  of 
providing  a  voltage  up  to  ±1  kV,  overcoming  the  energy 
gain  due  to  the  proton  bunch  (Eq.  1,  Fig.  3). 


Figure  3:  Floating-ground  BPM  for  the  SNS  ring. 

TiN  surface  coating  The  inner  surface  of  the  entire  ring 
is  coated  with  TiN.  Coated  chambers  are  tested  for  conduc¬ 
tivity  and  rise-time  response.  With  a  variation  within  20%, 
the  thickness  of  0.1  fim  withstands  the  bombardment  from 
electrons  during  the  lifetime  of  the  machine  operation.  For 
the  ferrite  of  the  extraction  kicker  inside  the  vacuum  pipe, 
the  coating  pattern  is  selected  to  avoid  Eddy-current  heat¬ 
ing  and  to  prevent  changes  in  material  properties.  Measure¬ 
ments  of  TiN-coated  surfaces  indicate  a  reduction  of  SEY 
by  more  than  half  of  an  unit  (Fig.  4)  [10].  Vacant  ports  are 
available  for  additional  pumping  if  needed  for  the  higher 
level  of  outgassing  from  the  rougher  coated  surface.  The 
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Figure  4:  Secondary-electron  yield  for  various  coating  con¬ 
ditions  of  the  SNS  ring  chamber  measured  at  CERN.  Mag¬ 
netron  (dc)  sputtering  is  used  to  coat  the  surfaces  with 
0.1  fim  TiN.  Surfaces  coated  at  a  pressure  of  0.67  Pa,  which 
has  a  lower  peak  €e  but  a  higher  outgassing-rate  compar¬ 
ing  with  those  coated  at  a  pressure  of  0.2  Pa,  are  adopted. 

present  design  does  not  allow  NEG  film  coating  which  re¬ 
quires  in-situ  baking. 

Solenoids  Solenoids  are  planned  for  the  vacant  straights 
(about  5  m)  in  the  collimation  region  to  suppress  electron 
multipacting.  The  solenoid  field  B<p  of  about  50  G  is  strong 
so  that  the  radius  r#  =  me  e  eB $  (12  mm  for  300  eV 
electrons)  of  electron  motion  is  small  compared  with  the 
pipe  radius.  Effects  on  the  proton  beam  can  be  minimized 
by  alternating  the  polarities  of  the  solenoids  according  to 
the  betatron  phase.  Skew  quadrupoles  can  further  be  used 
to  correct  the  coupling. 

Beam-in-gap  cleaning  In  order  to  reduce  the  electrons 
trapped  by  the  beam  in  the  gap,  the  250  ns  beam  gap  is 
cleaned  by  a  gap-cleaning  kicker  for  the  last  100  of  the 
1060-tum  accumulation  [11].  By  resonantly  exciting  co¬ 
herent  betatron  oscillations,  beam  residuals  are  driven  into 
the  primary  collimator,  where  beam  loss  is  measured  with 
a  gated  fast  loss  monitor.  The  system  uses  MOSFET  banks 
to  supply  pulses  at  30  ns  rise/fall  time.  The  burst  mode  fre¬ 
quency,  greater  than  1  MHz,  permits  tum-by-tum  kicking. 
Chamber  &  vacuum  Vacuum  ports  are  screened,  and 
steps  in  the  vacuum  pipe  are  tapered  at  l-to-3  ratio  to  re¬ 
duce  peaked  electric  fields  causing  electron  emission.  A 
vacuum  pressure  of  about  10  “8  Torr  ensures  low  electron 
generation  from  gas  ionization. 

Beam  scrubbing  Beam  scrubbing  at  an  electron  dose 
level  of  1  mC/mm2  can  further  condition  the  vacuum  sur¬ 
face  during  operations  [12].  Vacant  ports  can  house  turbo 
pumps  to  function  at  a  vacuum  pressure  above  10  _6  Torr. 
Extended  beam  storage  in  the  ring  is  planned  to  accelerate 
the  scrubbing  process. 

Active  damping  The  possibilities  of  mitigating  the  e-p 
instability  with  wideband  resistive  feedback  are  under  in¬ 
vestigation.  The  e-p  instability  results  in  coherent  motion 
in  the  100-200  MHz  band  with  growth  rates  in  the  range 
30-100  ms-1.  System  gain  of  0.1  is  necessary  to  damp 
such  large  growth  rates.  A  system  is  envisioned  with  50  cm 
stripline  kickers  for  each  plane  to  achieve  the  high  band¬ 


width  and  two  pickups  with  flat  response  to  300  MHz  hav¬ 
ing  equivalent  noise  of  less  than  0.3  mm.  The  required  gain 
is  achieved  with  a  1 .5  kW  RF  power  amplifier  driving  each 
kicker. 

Diagnostics  &  interference  minimization 

The  stripping  foils  and  the  collector  are  monitored  by 
the  video  systems.  Five  electron  detectors  are  distributed  at 
crucial  locations  around  the  ring. 

Efforts  are  made  to  minimize  the  interference  from  the 
electron  cloud.  For  example,  the  multi-channel  plates  for 
electron  collection  in  the  ring  ionization  profile  monitors 
are  recessed  from  the  vacuum-chamber  wall,  and  sweeping 
electrodes  used  to  avoid  superfluous  signals. 


Figure  5:  Ring  IPM  with  sweeping  electrodes,  and  with 
the  multi-channel  plates  for  electron  collection  recessed 
from  the  vacuum-chamber  wall  to  avoid  superfluous  sig¬ 
nals  (courtesy  R.  Connolly). 

SUMMARY 

Present  studies  indicate  that  with  preventive  measures 
adopted  to  suppress  electron  generation  and  to  enhance 
Landau  damping,  the  impact  of  electron  cloud  can  be  min¬ 
imized  in  the  operation  of  the  SNS  ring. 

We  are  indebted  to  the  SNS  team  and  collaborators,  es¬ 
pecially  O.  Grobner,  N.  Hilleret,  M.  Plum,  F.  Ruggiero,  N. 
Simos,  P.  Thieberger,  R.  Todd,  F.  Zimmermann. 
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ON  EMITTANCE  EVOLUTION  IN  THE  EXTRACTION  SYSTEM 
OF  HIGH-CURRENT  ELECTRON  AND  ION  SOURCES 

J-M.  Lagniel,  P.  Balleyguier,  D.  Guilhem,  J-L.  Lemaire,  N.  Pichoff,  M.  Prome 
CEA/DAM,  DIF/DPTA/SP2A,  Bruycres-le-Chatel,  France 


Abstract 

A  simple  model  has  been  built  to  study  the  evolution  of 
high-current  electron  or  ion  beams  in  axially  symmetric 
extraction  systems  (electron  guns  or  ion  sources).  Both 
electric  and  magnetic  field  components  induced  by  a  HV 
diode  and  a  focusing  solenoid  respectively  are  computed 
using  analytical  formulas.  The  space-charge  forces  are 
computed  using  a  ring  method.  In  a  first  step,  the 
individual  effects  of  the  3  nonlinear  forces  (electric, 
magnetic  and  space  charge)  on  the  emittance  evolution 
are  presented.  We  then  discuss  how  the  knowledge 
acquired  in  the  first  step  can  be  used  to  understand  and 
optimize  the  emittance  evolution  in  systems  combining 
these  effects. 

INTRODUCTION 

A  simple  model  has  been  built  to  understand  the 
behavior  of  high-current  beams  in  extraction  systems  of 
electron  guns  or  ion  sources  with  azimuth  symmetries.  In 
a  first  step,  the  emittance  evolution  has  been  analyzed  for 
each  kind  of  nonlinear  force  present  in  such  systems: 

•  nonlinear  forces  induced  by  the  electric  field  of  the 
diode, 

•  nonlinear  forces  induced  by  the  magnetic  field  of  a 
focusing  solenoid, 

•  nonlinear  space-charge  forces. 

The  understanding  of  the  individual  effects  has  been 
used  in  a  second  step  to  optimize  the  emittance  evolution 
in  the  case  of  combined  effects  of  these  forces. 

DIODE 

The  model  uses  the  simplest  diode  geometry:  a  flat  disc 
as  emissive  area  (cathode)  and  a  thin  plane  with  a 
cylindrical  hole  as  anode.  An  analytical  formula  giving 
the  potential  distribution  at  any  location  in  the  (r,z)  plane 
[1]  is  used  to  calculate  the  longitudinal  (Ez)  and  radial  (Er) 
components  of  the  electric  field.  This  technique  allows 
very  fast  computations  of  the  particle  trajectories.  Fig.  1 
gives  an  example  for  the  following  parameters  : 

Cathode  :  z  =  0,  RK  =  4.5  cm,  V  =  -100  kV 
Anode  :  z  =  10  cm,  RA  =  5  cm,  V  =  0 

Fig.  2  shows  that  the  rms  emittance  evolution  in  this 
simple  system  (zero  current,  no  focusing  solenoid)  is 
already  pretty  complicated.  In  a  first  zone  (Dl),  the  rms 
emittance  starting  from  zero  at  the  cathode  (no 
divergence)  increases  up  to  a  maximum  at  z  -  9  cm.  In 
the  anode  area  (D2,  ~  9  cm  <  z  <  ~  1 1  cm),  the  emittance 
decreases  rapidly  before  reaching  a  second  maximum. 
After  the  anode  area  (D3),  the  emittance  reaches  another 
minimum  before  raising  to  a  final  plateau  at  z  ~  30  cm 
(anode  position  +  ~  4  RA). 


Figure  1 :  Particle  trajectories  in  the  diode  :  R  =  f(z)  (m). 


Figure  2:  Evolution  of  the  (R,R’)  unnormalized  rms 
emittance  value  (mm.mrd)  along  the  diode  axis  z  (m). 


Figure  3:  (R,R’)  emittance  plot  at  different  positions 
z  (m)  along  the  propagation  axis  of  the  diode. 


Fig.  3  explains  the  rms  emittance  evolution.  The 
electric  field  nonlinearities  bend  the  (R,R’)  emittance 
curve  -  towards  the  R  axis  in  zone  Dl,  -  towards  the  R’ 
axis  in  D2  (the  distribution  is  straighten  up  and  the 
emittance  reaches  a  minimum),  -  and  finally  again 
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towards  the  R  axis  in  D3.  The  nonlinear  effects  become 
negligible  at  z  ~  30  cm  where  the  final  emittance  plateau 
starts.  In  this  example  the  final  rms  unnormalized 
emittance  is  ~  50  mm.mrd;  this  value  depends  upon  the 
ratio  Ra/Rk  but  the  emittance  behavior  shown  on  fig.  2 
remains  unchanged  for  different  Ra/Rk  values. 

SOLENOID 

Analytical  formulas  giving  the  longitudinal  (Bz)  and 
radial  (Br)  components  of  the  magnetic  field  generated  by 
a  coil  of  current  at  any  position  in  the  (r,z)  plane  can  be 
found  in  [2].  They  are  used  to  compute  die  effect  of 
solenoids  formed  by  an  addition  of  several  of  these  coils. 
In  a  first  step  the  particle  trajectories  have  been  analysed 
in  such  solenoids  without  electric  field  or  space  charge. 
For  the  results  presented  here  a  8  cm  radius  100  keV 
electron  beam  starts  at  z  =  0  without  divergence,  a  5  coils 
2  cm  long  10  cm  radius  solenoid  powered  with  200  A  is 
located  at  z  =  40  cm. 


'■  ‘  luii 


ir»  ‘  **  >(<  7jT 


Figure  4:  Solenoid  focal  length  (m)  function  of  r  (m). 
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Figure  5:  Evolution  of  the  (R,R’)  unnormalized  rms 
emittance  value  (mm.mrd)  along  the  solenoid  axis  z  (m). 


The  plot  of  the  solenoid  focal  length  as  a  function  of  the 
particle  input  radius  (fig.  4)  demonstrates  the  nonlinear 
character  of  this  focusing  element.  The  rms  emittance 
evolution  (Fig.  5)  shows  a  first  zone  (SI)  where  the 
emittance  starting  from  zero  increases  up  to  a  maximum 
at  z  ~  38  cm.  After  this  point  (S2  zone),  the  emittance 
decreases  down  to  0  before  a  big  jump  up  to  a  final  value 
of  250  mm.mrd.  Fig.  6  explains  this  behaviour,  the 
magnetic  field  nonlinearities  bend  the  emittance  curve  - 
towards  the  R  axis  in  SI,  -  towards  the  R5  axis  in  S2  (the 
distribution  is  straighten  up  and  the  emittance  reaches  0 
when  this  effect  perfectly  compensates  the  first  one). 
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Figure  6:  (R,R’)  emittance  plot  (m,  rd)  at  different 
positions  along  the  propagation  axis  (z)  of  the  solenoid. 

SPACE  CHARGE 

Since  the  beam  is  axially  symmetric,  each  beam  cross 
section  at  a  particular  point  along  the  z-axis  can  be 
described  by  a  large  number  of  equally-charged  adjacent 
rings.  This  beam  description  allows  very  fast  calculations 
of  the  radial  space-charge  forces  [3]. 

The  examples  presented  here  deal  with  the  evolution  in 
free  space  of  100  A  -  100  keV  electron  beams  starting 
with  two  types  of  current  densities  : 
p(r)  =  p0  {1  -i^/R2 

max  }  :  parabolic  distribution, 

P  (r)  =  P’o  {1  +  i^/R^ax}  :  hollow  distribution, 

Rmax  “5  cm  and  no  initial  divergence. 


Figure  7:  Evolution  of  the  (R,R’)  unnormalized  rms 
emittance  value  (mm.mrd)  for  the  parabolic  distribution. 


Both  distributions  lead  to  very  similar  rms  emittance 
evolutions  (see  fig.  7  for  the  parabolic  distribution)  but 
fig.  8  and  9  show  that  the  space-charge  nonlinearities 
bend  the  emittance  curve  in  opposite  directions  :  - 
towards  the  R  axis  for  the  parabolic  distribution,  - 
towards  the  R’  axis  for  the  hollow  distribution. 

MIXED  SYSTEMS 

Systems  mixing  several  of  these  nonlinear  forces  have 
been  optimized  adjusting  and  combining  opposite 
nonlinear  effects  to  minimize  the  resulting  nonlinearities. 
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Figure  8:  (R,R’)  emittance  plot  at  different  positions 
along  the  propagation  axis  for  the  parabolic  distribution. 


Figure  9:  (R,R’)  emittance  plot  at  different  positions 
along  the  propagation  axis  for  the  hollow  distribution. 


Diode  with  solenoid 

High  emittance  growth  such  as  the  one  shown  on  fig.  5 
will  be  also  observed  when  a  solenoid  located 
downstream  the  anode  of  a  diode  is  used  in  similar 
conditions.  To  minimize  the  final  emittance  once  the 
diode  parameters  are  fixed,  the  solenoid  parameters 
(radius,  length  and  strength)  and  position  with  respect  to 
the  anode  must  be  optimized  to  minimize  the  nonlinear 
effects  resulting  from  both  electric  and  magnetic  fields. 

Fig.  10  gives  an  example  for  the  diode  parameters  used 
previously.  The  optimization  process  on  the  solenoid 
parameters  leads  to  a  short  solenoid  (2  cm  long)  centred 
on  the  anode  (z  =  9  cm)  in  order  to  have  a  good  overlap  of 
the  main  electric  and  magnetic  fields  nonlinear  zones.  The 
solenoid  radius  (14  cm)  and  excitation  current  (300  A, 
5  turns)  have  been  adjusted  to  minimize  the  emittance 
growth  keeping  an  efficient  beam  focalisation. 


Figure  10:  Evolution  of  the  (R,R’)  unnormalized  rms 
emittance  value  (mm.mrd)  along  the  diode  and  solenoid. 


Diode  with  solenoid  and  space  charge 
The  space-charge  nonlinear  effects  are  important  at  low 
energy,  i.e.  in  the  cathode-anode  area  of  the  diode. 
Looking  to  fig.  8  and  9  with  respect  to  fig.  3  shows  that 
the  addition  of  the  space-charge  and  electric  fields  in  this 
region  leads  to  -  strong  nonlinear  effects  in  the  case  of 
parabolic-type  distributions,  -  reduced  effects  in  the  case 
of  hollow  distributions.  A  greater  emission  density  at  the 
cathode  edge  is  then  favourable  to  minimize  the  emittance 
growth.  This  is  demonstrated  on  fig.  11  and  12  plotted  for 
a  1 A  electron  beam  evolving  in  the  diode  with  solenoid 
studied  previously.  Calculations  with  the  same  parameters 
show  that  the  ratio  of  the  emittances  with  and  without 
current  at  z  =  50  cm  are  1.18,  3.18  and  0.35  for  uniform, 
parabolic  and  hollow  density  profiles  respectively. 


Figure  11:  (R,R’)  unnormalized  rms  emittance  (mm.mrd) 
f(z)  (m),  diode  with  solenoid,  1  A  beam,  parabolic  profile. 
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Figure  12:  (R,R’)  unnormalized  rms  emittance  (mm.mrd) 
f(z)  (m),  diode  with  solenoid,  1  A  beam,  hollow  profile. 
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RESISTIVE-WALL  WAKE  FOR  NON-ULTRARELATIVISTIC  BEAMS 
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Abstract 

We  compute  the  longitudinal  and  transverse  wake  fields 
for  velocities  smaller  than  c,  and  examine  under  which  con¬ 
ditions  the  non-relativistic  terms  become  important. 

1  INTRODUCTION 

Severals  projects  are  under  construction  which  aim  to 
produce  intense  proton  or  ion  beams  at  energies  around 
1  GeV,  for  example,  the  SNS  and  J-PARC.  One  possible 
performance  limitations  may  arise  from  the  resistive-wall 
impedance.  The  conventional  treatment  of  the  relativistic 
wall  wake  field  considers  an  ultra-relativistic  beam;  see, 
e.g.,  Refs.  [1,  2].  Only  few  papers  have  attempted  to  treat 
the  general  case.  A  rare  and  early  example  is  Ref.  [3],  but 
in  the  ultrarelativistic  limit  its  wake  field  does  not  reduce  to 
the  conventional  expression.  In  this  note  we  derive  the  non- 
ultrarelativistic  longitudinal  and  transverse  Green-function 
wake  fields,  through  first  order  in  the  skin  depth  and  sec¬ 
ond  order  in  1/7.  We  then  apply  these  expressions  to  four 
examples. 

2  LONGITUDINAL  WAKE 

We  consider  a  beam  pipe  of  radius  b  with  skin  depth 
^skin  =  y/2/(fiocr\u>\)  with  conductivity  a  at  angular  fre¬ 
quency  u,  and  assume  that  the  charge  density  A  exp  (iks  — 
iut)  travels  at  the  center  of  the  beam  pipe  with  u  =  vk  and 
v  <  c.  Following  Chao’s  treatment  of  the  ultrarelativis¬ 
tic  case  [1],  we  introduce  the  new  variable  z  =  (s  —  vt). 
Then  all  quantities  have  the  same  dependence  exp (ikz)  on 
s  and  t.  The  electric  and  magnetic  fields  are  related  to  the 
scalar  potential  <fi  and  the  magnetic  vector  potential  A  via 
E  =  -V(p  -  dA/dt  and  B  =  V  x  A.  Imposing  the 
Lorentz  condition  (v  •  A+  (1  /c2)d<f>/dt  +  =  0  , 

the  potentials  A  and  (j>  fulfill  the  equations 
_  1  S1  A  dA 

~Aj4+  +  Voa-Qj:  =Ho<3~cjE)  .  (1) 


_A,A+i^ 
A<6+  c2  at 2 


dtp  p 

+  VoC "7\7  ~  * 

dt  60 


Inside  the  vacuum  chamber  cr  =  0.  The  only  nonzero 
field  components  are  ESi  Er  and  because  of  symmetry. 
We  can  thus  set  A4>  =  0.  One  further  degree  of  freedom 
allows  us  to  choose  Ar  —  0  as  well. 

The  Lorentz  condition  relates  the  two  non-vanishing 
components  as  <j>  =  (c2k/oj)As.  The  potentials  must  fulfill 

1  d  (  dAs\  2 

r  dr  \  dr  )  K^s  —  Ho 3s  >  (3) 

-  -s.  (4> 


where  fc2  =  (k?  -  fcg)  =  fcg/(/32 72)  >  0  with  k0  = 
u>/c.  The  right-hand  side  is  zero  except  for  inside  the 
beam.  Outside  the  beam,  As  =  Aseikz  is  written  as 
=  p!o(krr)  +  qKo{krr)  ,  where  the  coefficient  q  is 
determined  by  the  source  current,  andp  by  the  surface  con¬ 
dition  at  r  =  6.  First  we  compute  q.  The  source  term  js  on 
the  right  hand  side  of  (3)  is  ~p,0Xv.  The  Green  function  for 
a  point  source  is  -  In  r/(2ir);  the  modified  Bessel  function 
K0  expands  as  -  In  2.  This  yields  q  =  -p0\v/(2ir).  If 
(r,  4>,  z)  are  right-handed,  the  fields  are 

B<P  =  pkrI\  (krr)  +  qkrKi  (kTr) ,  (5) 

Es  =  iu  ^1  -  -Aj  (pl0(krr)  +  qK0(krr))  .  (6) 
c2kk 

Er  = - ~  (ph(krr)  -qKi(krr))  ,  (7) 

where  we  have  used  I'Q  =  h  and  K'0  =  -Kv  The  wall  is 
characterized  by  j  =  crE  and  p  =  0.  For  b  »  <5skin,  inside 
the  wall  we  have 

d2Ea  1  d  (  dEs\  . 

—Q^r  \r~dr')  =(W0™-kr)Es,  (8) 

with  the  solution  Ea  =  Ea0  exp(-Ar),  where  A2  = 
-(ifiocrw  -  fc2)  =  A 0  +  k2  and  A0  =  (1  -  isgn(w))/5skin, 
or 


A°  (1  +  ^2)  =  A°  f1  +  *ssn(fa;) ^ 4kin 


The  second  term  represents  a  non-relativistic  effect.  We 
will  neglect  it,  since  it  is  of  the  order  62kln. 

^The  relationship  between  and  Es  follows  from  V  x 
E  —  -dB/dt  and  V  *  E  =  0  as  iuB^  =  Es(  1  - 
isgn(u;))/Jskin  .  Inserting  the  expressions  for  B^  and  Es 
evaluated  at  r  —  b  and  solving  for  p  we  get 

(1  -  isgn{u))krK0  +  ^skinfepKi 
(1  -  *sgn(w))fcr/0  -  Jskinfcg/l  q  ’  (  j 

where  all  Bessel  functions  have  the  argument  x  =  krb.  The 
magnetic  vector  potential  As  =  Aseikz  becomes 

=  t K0(krr ) 

(1  -  isgn(q;))i!fo(a;)  +  4kinfcg£i(x)  T  1 
(l-isgn(W))7o(x)-4kinfc02/1(a:)  '  (U) 

_  Computing  from  this  the  longitudinal  electric  field  Es  = 
Esetkz  as  Es  =  —iu>k2jk2As,  and  expanding  in  kr  and 
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4kin,  we  obtain 


ppXvck  (sgn(fc)  - 
2tt  26 


4  k2 


fc2(262  -  r2) 
4 


fc2  r 

p'"i 


where  refers  to  the  skin  depth  at  angular  frequency 
ck,  and  we  have  assumed  \k\  >  kr.  In  the  ultrarelativistic 
limit  kr-+  0,  the  term  depending  on  agrees  with  the 
result  (2.77)  in  Ref.  [1].  If  kr  ^  0  the  electric  field  cor¬ 
responding  to  the  resistive-wall  wake  depends  not  only  on 
the  longitudinal  distance  z  from  the  source,  but  also  on  the 
radial  position  r.  The  term  independent  of  6skin  describes 
the  effect  of  space  charge. 

The  longitudinal  impedance  per  unit  length  is  re- 
lated  to  Es(k)  as  jj (k)  =  ~Es(k)/js  where  k  — 

\Ar  +  u2/c2.  From  the  impedance  we  compute  the  lon¬ 
gitudinal  Green  function  wake  per  unit  length  as  q  (z)  — 
-vf  (2 TTjs)  fZc  Es(k)eikz  k,  where,  as  before,  js  —  Xv. 
If  o(z)  >0  the  wake  field  decelerates.  Keeping  only  the 
res.-wall  terms,  which  depend  on  5skin,  from  (12)  we  get 


oto  ~ 


47 r2  y  fiQcrc  26  v 

f  72  —  5/4  15  b2  \ 

V  (72  —  l)|z|3/2  16  (72  —  l)|^|7/2  7  * ( 

In  the  ultra-relativistic  limit  this  reduces  to  the  familiar 


4tt2  Y  Pocrc2b 


(sgn(z)-l) 


|z|3/2  ‘ 


3  TRANSVERSE  WAKE 

For  a  transverse  wake,  every  quantity,  ,  has  the  depen¬ 
dence  =  exp (i  (j>  +  iks  —  icot)  =  exp (i  (j>  +  ikz) 
on  s,  (f>  and  t.  In  addition,  all  field  components  are  nonzero, 
and  we  can  no  longer  assume  that  Ar  and  A#  are  zero.  In 
cylindrical  coordinates  we  find 


+  k2  Ar  =  fiojj 
2% 


r  dr  [ 
1  d 


’Ar  —  pO  j<f> 


+  k2  \  As  =  nQjs 


r  dr  dr 


The  transverse  components  are  decoupled  by  introducing 
A+  =  Ar  +  %A A-  =  Ar  -  iA<p,  and  j±  =  jr  ±  j#, 
which  yields 


A±  =  -Po j±  •  (15) 


The  original  radial  and  azimuthal  vector  components  are 
Ar  =  (A+  +  A_)/2  and  A^  =  (A+  -  A_)/(2t). 

We  only  consider  the  dipole  wake,  =  ±1.  Outside  the 
beam,  the  solution  for  each  component  is  again  a  superpo¬ 
sition  of  two  Bessel  functions,  i.e .,  for  =  1, 


41} 

=  .P+'hM  +  dpKtikrr) 

(16) 

A(_x) 

=  P-^oikr^+q^Koikrr) 

(17) 

=  P^hikr^  +  qPK^krr) 

(18) 

<t> 

=  pPhikr^+q^K^krr)  . 

(19) 

and  similarly  for  =  -1,  for  which  I0  (K0)  is  exchanged 
with  I2  (#2).  The  coefficients  of  the  Bessel  functions  for 
=  —  1  are  called  q(~*\  etc.,  and,  by  symmetry, 

they  are  equal  to  the  corresponding  coefficients  for  =  1, 

e-g-i  Po_1)  =  Po1}  and;4-1)  =  p^\  Considering  now  a 
perturbation  of  the  form  cos  </>  =  (ei<f> + e~i<f>)/2,  we  obtain 

Ar  =  (P+/2  +  q+K2  +P-Io  +  q~Ko)  cos  cj)elkz 
A(j>  ~  (p+h  +  q-\-K2  —  p-lo  —  q~Ko)  sin  (j>ezkz 
As  =  (psIi  +  qsKi)  cos  (j)eikz 
<j)  —  {poh  +  qoKi)  cos  <$>e%kz  , 

where  the  argument  of  the  Bessel  functions  is  (fcrr),  and 
we  have  dropped  the  superindex  ‘(1)’  of  all  coefficients. 
The  Lorentz  condition  yields  the  two  equations 


■jP+]  +  y P-]  +ikpM  -  i^Po] 

q^+ikqP-i^qP 


0  (20) 
0  .  (21) 


To  determine  these  coefficients,  we  again  consider  the 
source  terms.  As  before,  j#  =  jr  =  0  and  js  =  vp.  But  the 
current  source  js  is  now  displaced  by  a  small  transverse 
distance  from  the  center  of  the  pipe,  so  as  to  generate 
a  dipole  moment.  The  ffee-space  Green  function  for  the 
dipole  current  component  is  {-p0X  v/r)/{2n)>  and  the 
dipole  charge  source  is  (-A  /r)/(27re0).  In  the  transverse 
direction  j+  =  j_  =  jr  =  =  0. 

By  equating  the  source  terms  and  their  corresponding 
Green  functions  with  the  expansions  of  K\ ,  Ko  or  AT2 
in  the  expressions  for  the  vector  potentials  we  find  that 
Qs  =  -Po^v/(2tt)  (kr  ),  q0  =  c2k/(u)qs ,  q+  —  0, 
q-  —  0.  Again  we  invoke  the  wall  boundaries  to  determine 
the  remaining  coefficients.  If  |A0|  »  1/6  and  |A0|  »  k, 
we  find  the  same  condition  as  for  =  0:  iuB $  =  Es{  1  — 
isgn(u;))/<5skin  =  Ao^s  .  From  Faraday-MaxwelPs  law 
we  obtain  a  second  boundary  condition:  -iuBs  «  Ao E#  . 
The  longitudinal  and  azimuthal  field  components  are  re¬ 
lated  to  the  potentials,  Ar  —  Ar  cos  (f)elkz ,  etc.,  via 


cos  (j>e 2 


B*  = 


^4  ,  dA* 

r  r  dr 
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= 

+  iuA^j  sm(!>e%kz 

(24) 

Es  = 

(^—ik<j>  +  iuAg'j 

coscpe1^  , 

(25) 

so  that  the  boundary  conditions  at  1 

r  =  b  become 

—u)kAr  — 

iu>  dAs/dr  =  Aq( 

-ik(f)  +  iwAs) 

(26) 

A0(< p/r+iuA#)  =  -iutAr/r+dAt/dr+At/r)  .  (27) 

The  remaining  gauge  freedom  allows  for  the  choice  po  = 
(c2k/u)ps.  Using  this  gauge,  we  can  solve  the  two  equa¬ 
tions  (26)  and  (27)  together  with  the  Lorentz  conditions 
(20)  and  (21),  so  as  to  obtain  an  expression  relating  ps  and 
qs.  Inserting  this  into  the  formula  for  Es  =  Es  cos  <peikz 
and  expanding  to  first  order  in  Jskin  and  up  to  second  order 
in  kr ,  dropping  powers  of  order  higher  than  2  in  r,  we  find 


Ee(k)  =  W^Kr)  +  — /i (krr) 


ckd -  S(0) 

2n  b*r  skil 


v - -r4 

4  k2 


b2k2  2 
4  r 


(sgn(w)  -i)  +  isgn(/c)6^| (b2  -  r2)  . 


The  transverse  wake  is  now  obtained  using  the  Panofsky- 
Wenzel  theorem  e(Er+(v  x  B)r)  —  f(d  8/dr)dz ,  which, 
thanks  to  u  —  vk ,  is  valid  as  in  the  relativistic  case,  and 
also  implies  Z±(k)  —  Z\\(k)/k.  This  gives 


poidecXv  1  I"  (0)  /  1  fc2  b2k2\ 

2tt  b3  [  skin  V  4  A;2  4  ) 

u)  -  i)  ~  *sgn(w)6p-  f  1  +  (29) 


The  transverse  impedance  per  unit  length  is  Z±(k)  = 
-i  ±/(eX vd).  In  the  ultrarelativistic  limit,  kr  0, 
this  agrees  with  the  classical  result  of  [1].  The  trans¬ 
verse  Green  function  wake  per  unit  length  is  W\{z)  = 
-1/(27 reXd)/^  \(k)eikzdk.  lfW1(z)  <  0,  the  wake 
is  defocusing.  Dropping  the  space-charge  term,  from  (29) 
the  res.-wall  wake  function  becomes 

w,(z)  ~  y^c3/2?3&2  +  4(472  -5>2 

W  47r263(71/2M  8(72  -  i)|«|5/2 

(sgn(z)  -  1)  .  (30) 

In  the  ultra-relativistic  limit  this  reduces  to 

Wl{z)  W  2^4  1^72  -  n  •  (3D 


4  APPLICATIONS 

Typical  parameters  of  several  low-energy  proton  or  ion 
accelerators  are  listed  in  Table  1.  For  each  case  we  con¬ 
sider  a  stainless  chamber  with  a  —  1.4  x  106  ft-1  m-1. 
The  longitudinal  wake  function  at  the  chamber  wall  are 


shown  in  Fig.  1,  the  transverse  in  Fig.  2.  The  differences 
between  the  ultra-relativistic  limit,  (14)  and  (31),  and  the 
more  accurate  formulae,  (13)  and  (30),  are  significant  for 
z  >  —bjyj IO72  -  7  or  7  <  3.  The  energy  decreases  from 
SNS,  over  J-PARC  and  PS  booster  to  an  ECR  source.  The 
latter  also  illustrates  the  effect  of  a  smaller  pipe  radius  b. 

_ Table  1:  Example  Parameters _ 

SNS  J-PARC  PS  booster  ECR~~ 
~7  2J  L4  L05  L003 

<?z  25  m  12  m  26  m  100  m 

crr  2  cm  2  cm  3  mm  4  mm 

b  8  cm  12.5  cm  30  cm  3  cm 


b  1.5  x  1014  4  x  1013  1.2  x  1012  2  x  1013 


Figure  1:  Longitudinal  wake  \Wo\25/27r2by/ac/(c2p0)  at 
r  =  b  vs.  distance  z  in  m,  according  to  (13)  [colored]  and 
in  the  ultra-relativistic  limit  (14)  [black  solid]. 


Figure  2:  Transverse  r.  w.  wake  \Wi\23^27r2b3-y/ac/(c2po) 
vs.  distance  z  in  m,  according  to  (30)  [colored]  and  in  the 
ultra-relativistic  limit  (31)  [black  solid]. 
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Abstract 

This  paper  studies  dipolar  and  quadrupolar  decoherence 
of  a  bunch  in  presence  of  space  charge.  The  centroid  of 
a  bunch  displaced  transversely  or  longitudinally  decoheres 
due  to  nonlinearities  that  cause  phase  space  filamentation 
and  mixing.  Here  we  show  that  space  charge  can  inhibit 
decoherence  and  keep  the  beam  centroid  oscillations  un¬ 
damped  over  long  times.  This  feature  complicates  the  de¬ 
tection  of  echoes  for  diagnostics  purposes.  An  echo  re¬ 
quires  in  fact  a  fully  decohered  beam  to  show  up  as  a  co¬ 
herent  signal  at  later  times  than  the  excitations. 

Results  are  qualitatively  compared  with  experiments  in  the 
GSI  synchrotron  SIS. 


frequency  error  is  A///  ~  1  x  1CT3  (corresponding  to 
«  2<jzo  kick  in  the  longitudinal  phase  space) 


0  <  MM 


*  ^ 


INTRODUCTION 

The  question  of  longitudinal  decoherence  of  the  collec¬ 
tive  motion  of  a  bunch  of  charged  particles  in  presence  of 
nonlinearities  due  to  a  sinusoidal  bucket  and  space  charge 
is  addressed  in  this  paper. 

Experimental  observations  are  described  in  Section  II.  Sec¬ 
tion  HI  shows  a  simplified  calculation  of  decoherence  due 
to  nonlinearity  and  space  charge.  Semi-analytical  expres¬ 
sions  for  the  evolution  of  the  bunch  longitudinal  centroid 
and  rms-size  (first  two  moments  of  the  detailed  longitu¬ 
dinal  particle  distribution,  on  which  alone  we  assume  the 
space  charge  forces  to  depend)  with  the  non-linearity  alone 
are  presented  in  Section  IV.  These  expressions  can  then  be 
used  as  starting  point  of  a  recursive  numerical  procedure, 
which  recalculates  the  single  particle  equation  of  motion 
with  space  charge  and  thus  converges  to  the  final  profile 
of  longitudinal  centroid  and  rms-size  evolution  with  space 
charge  included  after  a  few  iterations. 


OBSERVATION  OF  UNDAMPED 
CENTROID  MOTION  IN  SIS 

Longitudinal  bunched  beam  dipole  oscillations  are  ob¬ 
served  during  SIS  operation,  if  there  is  an  energy  error 
between  the  injected  beam  from  the  UNTLAC  and  the  rf 
frequency  setting  in  SIS.  For  low  beam  intensities  the  in¬ 
duced  bunch  center  dipole  oscillation  is  damped  before  the 
start  of  the  acceleration  ramp.  For  high  beam  intensities  or 
electron  cooled  beams  the  dipole  oscillation  survive  during 
ramping.  For  example,  the  waterfall  plot  in  Fig.  1  shows 
the  persistent  dipole  oscillation  for  0.5  x  10 10  C6+  ions 
per  bunch  with  an  estimated  equivalent  coasting  beam  mo¬ 
mentum  spread  Ap/p\ FWhm  ~  5  x  10~4.  The  estimated 

*  G.Rumolo@gsi.de 


Figure  1:  Observed  persistent  dipole  oscillations  of  four 
bunches  in  SIS  as  function  of  time. 


DECOHERENCE  WITH  SPACE  CHARGE 

A  bunch  with  an  initial  longitudinally  offset  from  the 
bucket  center  will  perform  synchrotron  oscillations  around 
it.  If  all  particles  have  the  same  synchrotron  tune,  the  cen¬ 
troid  motion  is  expected  to  be  harmonic.  However,  if  the 
beam  contains  a  spread  of  tunes,  the  motion  will  decohere 
since  the  individual  synchrotron  phases  of  the  particles  dis¬ 
perse.  As  the  longitudinal  phase  space  of  the  beam  spreads 
to  an  annulus,  the  observed  centroid  of  the  beam  will  show 
a  decaying  oscillation  and  its  rms-size  will  grow.  Space 
charge  can  inhibit  the  centroid  decoherence  and  thus  keep 
the  oscillations  undamped  by  local  compensation  of  the 
synchrotron  detuning  with  amplitude. 

The  synchrotron  frequency  spread  as  a  function  of  the  sin¬ 
gle  particle  oscillation  amplitude  0  in  a  RF  bucket  is  (see 
e.g.Ref.  [1]) 


us(4>)  = 


7tUs  (0) 

2  AT  (sin2  f ) 


Wa(  0)  1 


(1) 


Assuming  a  parabolic  bunch  form,  space  charge  induces 
a  shift  Acj  of  the  incoherent  frequency  distribution.  This 
shift  can  be  related  to  the  space  charge  parameter  [2]  £  = 
2 KLZm/e^  (longitudinal  emittance  e2  and  perveance  Kl , 
bunch  half-length  zm) 


Uo  4 


(2) 


Damping  of  dipole  modes  is  only  possible  if  the  coherent 
dipole  frequency  Q  =  us{(j))  (amplitude  of  the  dipole  mode 
0)  that  is  not  affected  by  space  charge,  lies  within  the  inco¬ 
herent  frequency  distribution.  Persistent  dipole  oscillations 
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after  kicking  a  beam  to  a  finite  phase  </>,  are  possible  if  space 
charge  shifts  the  frequency  distribution  towards  sufficiently 
low  frequencies.  Below  transition  energy  >  u0  -  Aw 
yields  the  criterion 

Aw  02  d>2 

—  >  h  =*  E  >  ~r  •  (3) 

wo  16  4 

This  criterion  is  consistent  with  the  SIS  observation 
(E  ^0.4).  A  similar  condition  was  independently  obtained 
in  Ref.  [3] .  It  is  interesting  to  note,  that  above  transition  en¬ 
ergy  or  for  negative  E  (inductive  impedance)  one  obtains 


•Re  /  z2e  9 mo 


(■£  zq)  o:  fceVmc  ^/a\j 
2^  - 2l-WS$^C(z)t 


+  i-Po 


Me  ktj 


(z-zn)2  o;  fceV, 


where  C(z)  =  1  -  cos  (^). 


p-  +4i  -p0\r)\ckt 


PI  >4 


with  the  parabolic  bunch  half-length 

ITERATIVE  PROCEDURE 

We  can  express  the  centroid  and  rms-size  evolutions 
through  the  integrals: 

Js£2  z(z^  z:  5)dzd5 

(5) 

°z(t)  =  /» 2  z2(z,8,z,crz)p(zj)dzd8  -  z2{t) 

where  p(z,8)  is  the  initial  particle  distribu¬ 
tion  in  the  longitudinal  phase  space,  p(£,  8)  — 

Inalocrso  eXP  [_I  +  J^)]>  and  z(z>$>Z,0z)  ™ 

the  solution  of  the  single  particle  equations  of  motion  in 
presence  of  space  charge 


Table  1:  SIS  parameters  used  in  this  study. 


sgn{ri)^k sin  Pr ) + T-(z  ~  ff«> 


The  problem  consists  of  a  very  complicated  integro- 
differential  set  of  equations  having  z(t)  and  az(t)  as  un¬ 
knowns  with  initial  conditions  z(t  =  0)  =  z0  and  az(t  = 
0)  =  <rz0.  We  solve  it  by  iterations  following  the  procedure 
that  we  describe  here  below.  As  first  step,  we  neglect  space 
charge.  Using  now  Eqs.  (5)  with  the  solution  of  the  equa¬ 
tion  of  motion  (6)  in  nonlinear  regime  and  without  driving 
term  leads  us  to  the  expressions  for  the  bunch  centroid  and 
rms-size  evolutions  in  absence  of  space  charge, 


2 ^  2-rraz0crsoRe 


*64+i 


[  .  PoMcfc^ 


jr 


variable 

symbol 

value 

Circumference 

27T.Ro 

216  m 

Revolution  frequency 

w  o 

8.7  x  106  rad/s 

Relativistic  gamma 

7 

3.129 

Chamber  size 

a,b 

10  X  &x,y 

Bunch  population 

Nb 

1Q10  C6  + 

Rms  bunch  length 

&z0 

2  m 

Rms  energy  spread 

&60 

5.9  x  10-4 

Slip  factor 

V 

-0.0665 

Synchrotron  tune 

QsO 

6.8  x  10~4 

Initial  kick  amplitude 

Zo 

4  m 

Maximum  voltage 

Vm 

32  kV 

Harmonic  number 

h 

4 

Figures  2  and  3  (blue  lines)  show  longitudinal  centroid 
and  rms-size  evolutions  as  resulting  from  the  expressions 
(7)  and  (8)  for  SIS  parameters  in  Table  I.  Due  to  the  sinu¬ 
soidal  bucket  the  centroid  oscillation,  which  would  have 
survived  forever  undamped  in  the  case  of  purely  linear 
restoring  force,  significantly  decoheres  after  a  few  syn¬ 
chrotron  periods.  At  the  same  time  the  bunch  longitudi¬ 
nal  rms-size  grows  and  tends  to  level  off  at  the  asymptotic 
value 


as  results  from  Eq.  (8)  when  taking  its  limit  as  t  — +  oo. 

Our  iterative  procedure  to  evaluate  the  effect  of  space 
charge  simply  consists  in  using  these  evolutions  back  in 
the  single  particle  equation  of  motion,  find  new  solutions 
for  a  set  of  initial  conditions  and  thus  recalculate  the  inte¬ 
grals  (5).  After  only  two  iterations  the  method  converges 
to  the  evolutions  depicted  in  Figs.  2  and  3  (red  lines).  If  we 
evaluate  the  E  factor  for  the  parameters  in  Table  I,  we  eas¬ 
ily  find  out  that  it  amounts  to  0.2  compared  to  a  kick  phase 
of  about  7t/7.  Therefore  we  expect  a  similar  evolution  to 
that  of  the  experiment  described  in  Sec.  I.  As  predicted  by 
the  above  criterion  (3),  the  damping  of  the  centroid  oscil¬ 
lation  is  no  longer  to  be  observed.  The  bunch  longitudinal 
rms-size  still  increases  even  if  its  growth  seems  to  stop  at  a 
lower  level  than  without  space  charge. 

The  effect  of  space  charge  on  longitudinal  quadrupole 
oscillations  can  also  be  studied  with  our  method.  To  excite 
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Figure  2:  Decoherence  of  the  centroid  motion  for  a  longi¬ 
tudinally  displaced  bunch  due  to  the  sinusoidal  bucket  non¬ 
linearity  with  (red)  and  without  (blue)  space  charge  effects. 


t  (ms) 

Figure  3:  Bunch  rms-size  evolution  for  a  longitudinally  dis¬ 
placed  bunch  due  to  the  sinusoidal  bucket  nonlinearity  with 
(red)  and  without  (blue)  space  charge  effects. 


a  pure  quadrupole  oscillation,  we  only  need  to  unmatch  the 
bunch  and  set  the  initial  longitudinal  offset  of  the  bunch, 
zo ,  to  0. 

In  this  case,  no  centroid  oscillation  will  be  observed.  The 
az  will  still  evolve  according  to  Eq.  (8),  where  this  time 
it  will  be  z(t)  =  0  and,  because  of  the  unmatched  situ¬ 
ation,  g\0  on  the  first  line  must  be  replaced  by  cr%/2  + 
??2c2crlo/(2a;so)*  Tiie  evolution  of  the  bunch  rms-size  is 
depicted  in  Fig.  4  (blue  line).  We  have  chosen  to  simulate 
an  SIS  bunch  with  a  momentum  spread  which  is  scaled  by 
a  factor  0.8  with  respect  to  the  value  reported  in  the  Table  I 
(matched  value).  A  smaller  momentum  spread  than  the  the 
matched  value  would  cause  the  bunch  to  shrink  initially  and 
then  oscillate  around  the  new  Cr^natch^  —  cr^o  |?7|c/a^s  = 
0.8<tzo  if  no  longitudinal  detuning  were  included  in  the 
analysis.  It  is  clear  that,  owing  to  the  bucket  nonlinear¬ 
ity,  decoherence  appears  in  the  quadrupole  oscillation,  too. 
The  asymptotic  value  of  the  bunch  rms-size,  which  is  even¬ 
tually  reached  after  the  oscillation  at  twice  the  synchrotron 


frequency  has  fully  died  out,  will  be: 


<*z(t 


oo)  = 


alo  |  v^fso 
2  2wf0 


Figure  4:  Bunch  rms-size  evolution  for  a  longitudinally  un¬ 
matched  bunch  due  to  the  sinusoidal  bucket  nonlinearity 
with  (red)  and  without  (blue)  space  charge  effects. 

Just  like  in  the  case  of  the  pure  dipole  oscillation,  space 
charge  causes  the  quadrupole  oscillation  to  be  undamped. 
Figure  4  (red  line)  shows  the  persistent  oscillation  as  eval¬ 
uated  with  the  iteration  method. 

To  cross-check  the  validity  of  the  obtained  analytical  ex¬ 
pressions  as  well  as  of  the  iterative  procedure  which  we 
have  used  above,  we  have  also  carried  out  macroparticle 
simulations  using  the  HEADTAIL  code  [4]  and  Vlasov  sim¬ 
ulations.  The" results  in  terms  of  bunch  centroid  and  rms- 
size  evolution  agree  very  well  with  the  iterative  procedure. 

CONCLUSIONS 

Below  transition  even  relatively  low  space  charge  su- 
presses  the  decoherence  of  longitudinal  dipole  oscillations. 
Therefore,  in  contrast  to  the  recently  described  collective 
coasting  beam  echoes  [5],  collective  bunched  beam  echoes 
might  be  difficult  to  observe. 
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Abstract 


Space  charge  effects  during  the  injection  period  of  the 
12  GeV  main  ring  of  the  KEK  proton  synchrotron  have 
been  studied.  Measurement  of  the  transverse  beam  profiles 
using  flying  wires  has  revealed  a  characteristic  temporal 
change  of  the  beam  profile  within  a  few  milliseconds  af¬ 
ter  injection.  Horizontal  emittance  growth  was  observed 
when  the  horizontal  tune  was  close  to  the  integer.  The 
effect  was  more  enhanced  for  higher  beam  intensity  and 
could  not  be  explained  with  the  injection  mismatch.  Res¬ 
onance  created  by  the  space  charge  field  was  the  cause  of 
the  emittance  growth.  A  multiparticle  tracking  simulation 
program,  ACCSIM,  taking  account  of  space  charge  effects 
has  qualitatively  reproduced  the  beam  profiles. 

INTRODUCTION 

The  beam  intensity  of  the  KEK  PS  12  GeV  main  ring 
has  significantly  increased  since  the  K2K  neutrino  oscilla¬ 
tion  experiment  started.  Efforts  to  minimize  beam  loss  have 
been  continuously  made.  One  of  the  issues  is  to  reduce  the 
loss  during  the  injection  period.  Nine  bunches  of  protons 
with  the  kinetic  energy  of  500  MeV  are  injected  with  the 
interval  of  50  ms.  About  30%  of  protons  are  lost  during  the 
injection  period  of  510  ms.  The  highest  operating  intensity 
of  the  main  ring  is  1.4xl012  protons  per  bunch  at  injec¬ 
tion.  The  nominal  operational  tune  has  been  optimized  to 
be  7.15  and  5.25  for  the  horizontal  and  vertical  tune  re¬ 
spectively.  The  main  ring  has  a  circumference  of  340  m 
and  four-fold  symmetry.  A  super  period  consists  of  seven 
FODO  cells. 

The  incoherent  tune  shift  is  estimated  to  be  0.5  for  the 
highest  operating  intensity  without  considering  the  effect  of 
the  image  field  or  dispersion.  The  large  value  of  the  space 
charge  tune  shift  is  partly  due  to  a  small  emittance  of  the 
injection  beam.  Emittance  dilution  and  particle  loss  would 
occur  under  the  circumstances.  It  is  empirically  known  that 
emittance  dilution  observed  after  injection  to  the  main  ring 
depends  on  the  beam  intensity  and  tune. 

PROFILE  MEASUREMENTS 

Flying  wire  transverse  beam  profile  monitors  have  been 
operated  at  the  main  ring.  An  analysis  procedure  has  re¬ 
cently  been  established  to  reconstruct  the  beam  profile  that 
quickly  changes  with  a  time  scale  of  1  ms  or  less  [1]. 

When  the  injection  beam  intensity  was  set  to  8.0  x  10 11 
protons,  the  beam  profile  0.2  ms  to  2.8  ms  after  injection 
were  reconstructed  as  in  figure  1.  The  horizontal  tune  in 
this  case  was  7.05  which  was  not  the  nominal  operational 


Figure  1:  Horizontal  beam  profiles  0.2  ~  2.8  ms  after  in¬ 
jection  when  the  horizontal  tune  was  7.05  and  the  injection 
beam  intensity  was  8.0  x  1011  protons. 


value.  The  vertical  tune  was  5.22.  A  significant  beam  loss 
was  observed  within  1  ms  after  injection  under  the  condi¬ 
tion.  The  reconstructed  profile  shows  a  notable  change  of 
the  distribution.  The  profile  at  0.2  ms  after  injection  con¬ 
sists  of  a  narrow  peak  and  a  broad  distribution.  The  narrow 
peak  diminishes  in  2  ms  and  only  the  broad  distribution  re¬ 
mains. 

The  same  procedure  was  applied  for  the  horizontal  tune 
of  7.11  and  the  vertical  tune  of  5.21  which  was  near  the 
nominal  operational  value.  The  profile  at  0.2  ms  after  injec¬ 
tion  still  consists  of  a  narrow  peak  and  a  broad  distribution. 
The  narrow  peak  diminishes  in  1  ms,  and  only  the  broad 
distribution  remains  as  in  the  case  of  the  tune  of  7.05.  The 
narrow  peak  of  this  case  is,  however,  less  significant  than 
that  of  the  previous  tune,  and  the  beam  loss  is  not  either 
significant  in  this  case. 

Horizontal  beam  profiles  after  injection  were  measured 
for  the  injection  beam  intensity  of  2.2,  3.9  and  8.0x10 11 
protons.  The  measurements  were  performed  for  a  range  of 
the  horizontal  tune  from  7.05  to  7.26.  The  vertical  tune 
was  maintained  to  be  between  5.23  and  5.32.  The  trigger 
was  set  to  initiate  the  wire  scanning  to  take  beam  profiles  of 
about  4  ms  after  injection  when  the  rapid  change  of  the  pro¬ 
file  was  settled.  The  profiles  for  the  intensity  of  8.0x  1011 
protons  are  shown  in  figure  2.  It  was  observed  to  be  wide 
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Figure  2:  Horizontal  beam  profiles  4  ms  after  injection 
when  the  injection  beam  intensity  was  8.0  x  10 11  protons. 

when  the  horizontal  tune  was  7.05,  and  became  narrower 
as  the  tune  was  away  from  the  integer. 

The  injection  beam  a  emittance  was  measured  at  the 
beam  transfer  line  to  be  3.4  and  2.7  7rmmmrad  for  the 
horizontal  and  vertical  direction  respectively.  The  emit¬ 
tance  did  not  depend  on  the  beam  intensity.  The  measure¬ 
ment,  however,  has  uncertainty  from  short  understandings 
of  transfer  line  lattice  parameters. 

Injection  steering  error,  betatron  function  mismatch  and 
dispersion  function  mismatch  were  measured  and  the  ef¬ 
fects  to  the  injected  beam  to  main  ring  were  considered. 
The  mismatch  parameters  were  observed  to  show  little  de¬ 
pendence  on  the  horizontal  tune  between  7.05  and  7.26. 
Beam  emittance  with  the  mismatch  effects  as  a  function  of 
the  horizontal  tune  was  estimated.  Little  dependence  on  the 
horizontal  tune  was  observed  as  in  figure  3. 

Each  beam  profile  was  fitted  with  either  a  Gaussian  or  a 
parabolic  function  and  the  emittance  that  includes  the  87% 
fraction  of  the  density  distribution  was  estimated  and  plot¬ 
ted  in  figure  3.  Emittance  growth  was  observed  when  the 
tune  is  close  to  the  integer  for  all  the  measured  intensity 
settings.  The  tune  dependence  can  not  be  explained  only 
with  the  mismatch  effects.  A  tune  range  where  the  emit¬ 
tance  growth  occurs  depends  on  the  intensity.  It  is  inferred 
that  the  emittance  growth  is  due  to  the  space  charge  field. 

ACCSIM  SIMULATIONS 

A  multiparticle  tracking  simulation  program,  ACCSIM 
[2],  taking  account  of  space  charge  effects  has  been  per¬ 
formed  to  understand  the  observed  phenomena.  Transverse 
space  charge  forces  have  been  calculated  for  10000  macro 
particles  with  a  hybrid  fast-multipole  technique  and  grids 
of  1  mm  x  1  mm  every  0.76  m  step.  Thin  lens  kicks  have 


Figure  3:  Horizontal  87%  emittance  as  a  function  of  the 
horizontal  tune  for  the  beam  intensity  of  2.2,  3.9  and 
8.0xl0u  protons. 


been  applied  to  simulate  sextupole  and  octupole  magnets. 
A  fringing  field  from  an  injection  septum  magnet  was  sus¬ 
pected  as  one  source  of  closed  orbit  distortion  and  included 
in  simulations  for  some  cases.  Parameters  for  the  injection 
beam  emittance  were  based  on  the  transfer  line  profile  mea¬ 
surements.  Another  tracking  simulation  code,  PATRASH 
[3],  has  also  been  applied  and  the  results  agreed  with  the 
ACCSIM  results. 

Figure  4  is  the  x— px  phase  space  plot  of  20  test  particles 
for  400  turns  when  the  horizontal  tune  is  7.05.  It  shows 
patterns  of  fourth  order  resonance  that  was  created  by  the 
space  charge  force.  Particles  having  the  tune  of  7  by  the 
incoherent  tune  shift  make  a  resonant  condition  with  the 
space  charge  field  [4],  Octupole  type  space  charge  field 
creates  the  resonance.  The  resonant  tune  is  7/4  for  a  super 
period,  because  the  main  ring  has  a  four-fold  symmetry. 

ACCSIM  results  of  the  horizontal  beam  profiles  0.6  ms 
after  injection  is  shown  in  figure  5  for  the  beam  intensity  of 
8x  1011  protons.  Profiles  were  fitted  with  a  Gaussian  plus 
a  parabolic  function  for  the  tune  of  7.05  and  7.10,  and  a 
parabolic  function  for  the  tune  of  7.15  and  7.20.  Only  the 
parabolic  distribution  was  assumed  to  remain  in  each  pro¬ 
file  after  4  ms  and  the  emittance  was  evaluated  to  include 
the  87%  fraction  of  the  density  distribution  to  compare  with 
the  measured  emittance. 

Figure  6  shows  the  comparison  between  the  ACCSIM  re¬ 
sults  and  flying  wire  measurements  for  87%  emittance.  The 
ACCSIM  results  reproduced  the  tune  dependence  qualita¬ 
tively.  The  agreement  is  good  for  the  intensity  of  4  x  10 11 
protons.  The  ACCSIM  results,  however,  are  about  1.4 
times  of  the  measured  emittance  for  the  intensity  of  8  x  10 1 1 
protons.  The  discrepancy  may  be  due  to  uncertainty  in  the 
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Figure  4:  ACCSIM  simulation  of  the  x  ~px  phase  space 
plots  of  20  test  particles  when  the  horizontal  tune  was  7.05 
and  the  injection  beam  intensity  was  8x  1011  protons. 


ACCSIM  simulations,  Intensity  8xl0n  protons 


Figure  5:  ACCSIM  simulation  of  the  horizontal  beam  pro¬ 
files  0.6  ms  after  injection  when  the  injection  beam  inten¬ 
sity  was  8x  1011  protons  and  the  horizontal  tune  was  7.05, 
7.10, 7.15  or  7.20. 


measurement  of  the  injection  beam  emittance.  Mechanism 
to  modify  the  resonance  width,  otherwise,  has  to  be  con¬ 
sidered  such  as  effects  of  the  betatron  function  modulation. 


Figure  6:  ACCSIM  results  of  the  horizontal  87%  emittance 
as  a  function  of  the  horizontal  tune  are  shown  in  small  sym¬ 
bols  and  dotted  lines.  Flyingwire  measurement  results  are 
shown  in  large  symbols  and  solid  lines. 

of  the  beam  profile  within  a  few  milliseconds  after  injec¬ 
tion.  Horizontal  emittance  growth  was  observed  when  the 
horizontal  tune  was  close  to  the  integer.  The  effect  was 
more  enhanced  for  higher  beam  intensity.  Resonance  cre¬ 
ated  by  the  space  charge  field  was  the  cause  of  the  emit¬ 
tance  growth.  A  multiparticle  tracking  simulation  program, 
ACCSIM,  taking  account  of  space  charge  effects  has  qual¬ 
itatively  reproduced  the  beam  profiles. 
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Abstract 

We  compare  macroparticle  simulations  with 
beam-profile  measurements  from  a  proton  beam-halo 
experiment  in  a  study  of  beam-halo  formation  in 
mismatched  beams  in  a  52-quadrupole  periodic-focusing 
channel.  The  lack  of  detailed  measurement  of  the  initial 
distribution  is  an  important  issue  for  being  able  to  make 
reliable  predictions  of  the  halo.  We  have  found  earlier 
that  different  initial  distributions  with  the  same  Courant- 
Snyder  parameters  and  emittances  produce  similar 
matched-beam  profiles,  but  different  mismatched-beam 
profiles  in  the  transport  system.  Also,  input  distributions 
with  greater  population  in  the  tails  produce  larger  rates  of 
emittance  growth.  We  have  concluded  that  using  only  the 
known  Courant-Snyder  parameters  and  emittances  as 
input  parameters  is  insufficient  information  for  reliable 
simulations  of  beam  halo  formed  in  mismatched  beams. 
The  question  is  how  to  obtain  the  best  estimate  of  the 
input  beam  distribution  needed  for  more  accurate 
simulations.  In  this  paper,  we  investigate  a  new  least 
squares  fitting  procedure,  which  is  applied  to  the 
simulations  and  used  to  determine  the  injected  beam 
distribution  in  an  attempt  to  obtain  a  more  accurate 
description  of  halo  formation  than  from  simulation  alone. 

1  INTRODUCTION 

This  paper  is  concerned  with  the  comparison  of  self- 
consistent  macroparticle  simulations,  including  space- 
charge  forces  using  the  macroparticle  simulation  code 
IMPACT[1],  with  experimental  measurements  of  the 
beam  profiles  in  a  high-current  proton  beam.  The 
measurements  were  made  in  a  beam-transport  channel 
using  a  6.7-MeV  proton  beam  at  the  Low  Energy 
Demonstration  Accelerator  (LEDA)  facility  [2]  at  Los 
Alamos  National  Laboratory.  A  major  goal  of  the 
experiment  was  to  validate  the  beam-dynamics 
simulations  of  beam  halo.  Of  particular  importance  was 
the  validation  of  the  space-charge  routine  in  IMPACT. 
We  have  observed  good  agreement  comparing  direct 
simulations  and  profile  measurements  for  the  matched 
beam  but  have  been  less  successful  in  obtaining  good 
agreement  for  the  mismatched  beams  [3].  We  have 
concluded  that  the  beam  profiles  for  mismatched  beams 
are  very  sensitive  to  the  initial  distribution.  We  now 
investigate  the  use  of  a  least  squares  fitting  procedure 
applied  to  the  RFQ  simulation  results  to  obtain  an 
improved  estimate  of  the  initial  beam  distribution  (at  the 
exit  of  the  RFQ).  We  suggest  that  this  fitting  procedure 


may  provide  an  improved  estimate  of  the  real  beam 
distribution  at  the  output  of  the  RFQ,  because  it  allows  us 
to  correct  for  unknown  errors  upstream  of  the  beam- 
transport  line  that  may  prevent  us  from  deducing 
accurately  the  RFQ  output  distribution  using  simulations 
alone.  Improving  our  prediction  of  the  RFQ  output 
distribution  would  provide  a  more  accurate  predictive 
capability  for  the  beam  halo  evolution  in  a  high  energy 
proton  linac. 


2  REAM  HALO  EXPERIMENT 

The  LEDA  facility  consists  of  a  75-keV  DC  injector, 
a  low-energy  beam  transport  (LEBT)  system,  and  a  350- 
MHz  radiofrequency  quadrupole  (RFQ),  which 
accelerates  the  proton  beam  to  6.7  MeV.  A  schematic 
diagram  of  the  LEDA  beam-halo  experiment  transport 
system  that  follows  the  RFQ  is  shown  in  Fig.  1[4].  The 
transport  system  consists  of  52  magnetic  quadrupoles  with 
alternating  polarity  (FODO  Lattice)  to  provide  strong 
periodic  transverse  focusing.  Transverse  beam  profiles 
were  measured  using  beam-profile  detectors[5]  located  in 
the  middle  of  the  drift  spaces  after  quadrupoles  4,  20,  22, 
24,  26,  45,  47,  49  and  51.  The  first  four  quadrupole 
gradients  were  independently  adjusted  to  match  the  beam, 
by  producing  equal  rms  sizes  at  the  beam-profile 
detectors.  The  gradients  were  also  adjusted  to  produce 
approximately  pure  mismatches  in  either  a  breathing  or  a 
quadrupole  mode.  The  beam  current  was  varied  over  a 
range  from  16  to  100  mA.  In  this  paper  we  report  results 
at  75-mA. 


Beam  -profile  diagnostic 


4  20-26  45-51 


FIG.  1.  Block  diagram  of  the  52-quadrupole-magnet  lattice 
showing  the  nine  locations  of  beam-profile  scanners.  The  first 
four  quadrupoles  upstream  of  scanner  4  are  adjusted  to  match  or 
mismatch  the  beam. 

3  OLD  SIMULATION  RESULTS 

We  obtained  rms  beam  widths  at  each  of  the  scanners 
and  rms  emittances  at  scanners  20  and  45.  The  emittances 
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as  well  as  the  Courant-Snyder  parameters  were  deduced  at 
scanners  20  and  45  using  the  rms  values  from  the  four 
associated  profile  monitors  (20,  22,  24,  and  26,  for  the 
value  at  20,  and  45,  47,  49,  and  51  for  the  value  at  45). 
The  measured  results  for  the  mismatched  beams  were 
compared  with  the  maximum  amplitude  predictions  of  a 
particle-core  model  [6],  and  maximum  emittance  growth 
predictions  of  a  free  energy  model  [7],  assuming  complete 
transfer  of  the  free  energy.  The  experimental  results 
strongly  supported  both  analytic  models[8].  We  have 
observed  good  agreement  between  simulations  and  profile 
measurements  for  the  matched  beam,  but  have  been  less 
successful  in  obtaining  good  agreement  for  the 
mismatched  beams.  We  believe  that  the  main  cause  of  the 
poor  agreement  for  the  mismatched  cases  lies  in  a  lack  of 
detailed  knowledge  of  the  initial  distribution  in  phase 
space.  Given  that  we  were  unable  to  measure  the  input 
distribution,  our  approach  to  the  simulations  was  to 
generate  four  different  initial  distributions  at  the  entrance 
of  the  beam-transport  channel,  all  with  the  same  Courant- 
Snyder  ellipse  parameters  and  emittances;  these 
parameters  were  deduced  from  the  measurements.  The 
assumed  input  distributions  were:  1)  6D  Waterbag,  2)  6D 
Gaussian,  3)  Double  Gaussian,  and  4)  a  distribution 
called  LEBT/RFQ,  generated  from  a  simulation  through 
the  LEBT  and  RFQ,  starting  at  the  plasma  surface  at  the 
exit  of  the  ion  source.  All  four  distributions  were  scaled  to 
produce  the  correct  initial  Courant-Snyder  parameters  and 
emittances.  These  four  distributions  differ  qualitatively 
with  respect  to  their  initial  halo,  i.e.  initial  population  of 
the  outer  tails  of  the  beam.  Best  agreement  for  the 
observed  emittance  growth  was  obtained  with  the  Double 
Gaussian,  which  had  the  largest  population  in  the  tails. 
This  is  a  result  that  would  be  expected  from  the  particle- 
core  model  [6],  since  most  of  the  halo  particles  have 
initial  amplitudes  that  lie  outside  the  core.  However,  none 
of  these  initial  distributions  yield  good  agreement  with 
measured  beam  profiles  for  the  mismatched  case.  We 
have  concluded  that  knowledge  of  the  initial  particle 
distribution,  especially  the  density  in  the  tails,  is 
important  for  accurate  simulations  of  the  beam  halo. 

The  question  that  remains  is  how  to  obtain  reliable 
simulations  for  mismatched  beams  when  the  input 
distribution  is  not  measured.  A  possible  solution  is 
suggested  by  recent  results  obtained  from  the  analysis  of 
earlier  quadrupole  scan  measurements  used  to 
characterize  the  beam  at  the  exit  of  the  RFQ  [9].  In  that 
case  the  authors  concluded  that  unknown  beamline- 
parameter  errors  could  lead  to  differences  between  the 
real  and  the  simulation  results  at  the  output  of  the  RFQ. 
The  simplest  assumption  is  that  the  main  errors  involve 
only  the  second  moments,  i.e.  the  Courant-Snyder 
parameters  and  the  rms  emittances.  Therefore  the  authors 
modified  the  simulation  results  by  adjusting  the  simulated 
RFQ  output  particle  coordinates  to  change  the  second 
moments  of  the  simulated  RFQ  output  beam  to  give  a  best 
least-squares  fit  to  all  the  measured  profiles.  This 
procedure  produced  excellent  agreement  between 
measured  and  simulated  profiles.  We  would  like  to 


investigate  whether  a  similar  method  would  also  produce 
improved  agreement  for  the  beam  halo  experiment. 

4  NEW  RESULTS  WITH  LEAST-SQUARES 
FITTING 

Our  hypothesis  is  to  assume  that  our  simulation  codes 
do  contain  the  relevant  physics.  Discrepancies  are  most 
likely  caused  by  the  fact  that  we  do  not  know  the  precise 
parameters  for  the  LEBT  and  for  the  as-built  RFQ, 
particularly  the  axial  voltage  distribution.  Therefore,  the 
real  beam  distribution  that  is  injected  into  the  beam 
transport  channel  after  the  RFQ  is  not  precisely  known. 
For  this  reason  we  have  investigated  whether 
modifications  to  the  beam  generated  by  RFQ  simulations 
would  improve  the  agreement  between  the  simulated  and 
measured  beam  profiles.  We  have  used  a  modified  version 
of  the  fitting  code  described  in  ref.  [9]  in  which  an 
IMPACT  simulation  of  the  halo  channel  is  controlled  by  a 
nonlinear  optimizer.  The  input  beam  is  described  by  the 
six  transverse  parameters  (Courant-Snyder  parameters  a, 
P,  and  emittances  e  in  both  x  and  y).  The  optimizer  varies 
the  six  parameters  and  attempts  to  minimize  the 
differences  between  the  simulated  profiles  at  the  wire- 
scanner  positions  and  the  measured  profiles. 

The  input  beams  for  these  simulations  are  generated 
by  starting  with  the  particle  distribution  from  our 
LEBT/RFQ  simulation.  This  distribution  is  distorted  by 
applying  a  certain  linear  transformation  [9]  to  the  particle 
phase-space  coordinates  that  results  in  the  beam  having 
the  six  Courant-Snyder  parameters  requested  by  the 
nonlinear  optimizer;  this  procedure  should  retain  much  of 
the  higher-order  structure  present  in  the  original  RFQ 
simulation. 

We  fitted  only  to  the  five  wire  scanner  profiles 
between  4  to  26  (10  profiles)  for  the  matched  case.  Using 
the  modified  initial  distribution,  the  simulated  and 
measured  profiles  agree  well  for  all  the  scanners  for  the 
matched  beam.  Figure  2  shows  results  for  the  matched 
case  and  the  mismatched  case  for  mismatch  parameter 
p=1.5,  where  p  is  defined  in  Ref.  [8].  Rms  deviations  for 
the  matched  case  (difference  between  experimental  and 
simulated  profiles)  are  small,  about  2%.  However,  using 
this  beam  to  simulate  the  mismatched  cases  has  not  yet 
produced  as  good  agreement  between  the  simulated  and 
measured  profiles. 

5  CONCLUSIONS 

We  report  on  an  investigation  of  a  new  least-squares 
fitting  procedure,  which  is  applied  to  the  simulations  in  an 
attempt  to  obtain  a  more  accurate  description  of  the  initial 
particle  distribution.  The  fits  were  applied  to  a  subset  of 
the  matched  beam  profiles.  We  find  that  the  resulting 
profiles  for  the  matched  beam  at  all  the  scanners  agree 
well  with  the  measured  ones,  but  more  work  is  required  to 
improve  the  agreement  for  the  mismatched  beams.  We 
plan  to  investigate  this  situation  further  by  fitting  the 
mismatched  data  or  fitting  the  matched  and  mismatched 
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FIG.  2.  Comparison  of  measured  and  simulated  profiles  at  the  final  wire  scanner.  Top  row  shows  the  matched  case  and  the  bottom 
row  shows  the  mismatched  case  for  mismatch  parameter  .5  as  defined  in  Ref.  8.  Both  cases  used  an  input  beam  determined  by 
fitting  the  matched  data  to  profiles  at  wire  scanners  4  through  26. 


data  simultaneously,  and  comparing  the  initial 
distributions  in  detail.  The  fitting  code  used  an  older 
version  of  IMPACT.  We  plan  to  repeat  the  fitting  using 
the  latest  version  of  IMPACT,  which  will  enable  us  to 
study  different  boundary  conditions  in  the  space  charge 
computations.  This  may  lead  to  a  better  characterization 
of  the  RFQ  exit  beam,  and  an  improved  overall  analysis 
of  the  halo  experiment. 
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Abstract 

The  NTX  experiment  at  the  Heavy  Ion  Fusion  Virtual 
National  Laboratory  is  exploring  the  performance  of 
neutralized  final  focus  systems  for  high  perveance  heavy 
ion  beams.  To  focus  a  high  intensity  beam  to  a  small  spot 
requires  a  high  brightness  beam.  In  the  NTX  experiment, 
a  potassium  ion  beam  of  up  to  400  keV  and  80  mA  is 
generated  in  a  Pierce  type  diode.  At  the  diode  exit,  an 
aperture  with  variable  size  provides  the  capability  to  vary 
the  beam  perveance  and  to  significantly  reduce  the  beam 
emittance.  We  shall  report  on  the  gun  characterization 
including  current  density  profile,  phase  space  distributions 
and  the  control  of  electrons  generated  by  the  beam 
scraping  at  the  aperture.  Comparison  with  particle 
simulations  using  the  EGUN  code  will  be  presented. 

INTRODUCTION 

The  Neutralized  Transport  Experiment  (NTX)  [1-2]  at 
Lawrence  Berkeley  National  Laboratory  is  designed  to 
study  the  effects  of  plasma  neutralization  for  a  strongly 
space-charge-dominated  ion  beam,  using  a  400  KeV  beam 
of  singly  charged  potassium  ions.  The  experiments 
require  variable  beam  current,  by  one  order  of  magnitude, 
up  to  75mA.  In  addition,  a  very  high  brightness  source  is 
required.  One  way  to  generate  high  brightness  beams  is  to 
remove  the  edge  of  the  beam  after  it  is  generated  in  the 
diode;  but  scraping  the  beam  also  generates  secondary 
electrons  that  must  be  controlled  to  prevent  them  from 
perturbing  the  beam.  We  have  designed  a  beam  scraper 
system  that  includes  an  electron  trap  for  the  control  of 
secondary  electrons.  Beam  aperturing  appears  to  be  a 
natural  match  to  the  requirements. 

The  control  of  electrons  is  our  first  concern  in  this 
experiment,  as  stray  electrons  can  introduce  nonlinear 
space  charge  forces,  which  could  lead  to  increase  of  beam 
emittance  [3],  and  disruption  of  beam  propagation.  The 
proposed  technique  is  to  confine  the  electrons  generated 
by  the  aperturing  process  to  its  place  of  birth  by  adjacent 
electron  traps.  These  electron  traps  have  negative 
potentials  sufficiently  large  to  confine  the  electrons  even 
in  the  presence  of  the  positive  potential  (a  couple  of 
kilovolts  in  NTX)  from  the  self-field  of  the  ion  beam. 

DESIGN 

Design  of  the  ion  gun,  together  with  the  beam  aperture 
and  electron  trapping  device  is  shown  in  Fig.  1.  The  K+ 
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beam  at  400  kV  and  75mA  is  extracted  from  a  2.54  cm 
diameter  alumino-silicate  source  [4]  across  a  diode  with  a 
12  cm  gap.  Downstream  of  the  exit  cathode  plate  is  a 
beam  aperturing  plate  with  holes  of  variable  diameter, 
sandwiched  between  two  metal  tubes  of  5cm  length,  and 
6.2  cm  inner  diameter.  The  EGUN  calculation  in  Fig.  2 
shows  the  nominal  design  of  -3kV  on  each  of  the  metal 
tubes  (beam  scraper  system),  providing  adequate  electron 
trapping  in  the  presence  of  the  ion  beam. 


Figure  1:  Beam  scraper  system. 


1  cm  APERTURED  NTX  GUN  (EGUN) 


Figure  2:  EGUN  simulation  of  diode  and  beam  aperture 
setup. 

The  primary  diagnostics  for  this  experiment  consist  of  a 
Faraday  cup  to  measure  the  total  beam  current  exiting  the 
aperture  plate,  and  a  slit/  slit-cup  arrangement  to  measure 
the  line-integrated  beam  profile  (with  slit  cup  only)  and 
emittance  (with  slit  and  slit  cup).  The  Faraday  cup  and 
the  slit  cup  each  consists  of  a  collector  and  a  guard 
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ring/grid  with  bias  voltages  that  are  controlled  to  collect 
beam  ions  only.  In  addition,  we  can  also  monitor  the 
currents  flowing  through  the  aperture  plate  and  each  of 
the  two  electron  traps. 

EXPERIMENT 

The  experiment  is  first  performed  without  an  aperture 
plate.  The  peak  current  at  400  kV  is  77mA,  which  is  in 
agreement  within  the  uncertainty  of  the  measurement  with 
the  EGUN  code  prediction  of  73  mA.  The  measured 
current  follows  the  Child-Langmuir  three-half  power  law 
as  the  voltage  was  varied  over  a  factor  of  3  in  range  and  is 
shown  in  Fig.  3.  The  measured  beam  profile  and 
emittance  show  a  variation  from  uniformity  due  to  known 
imperfections  in  beam  optics.  An  aperture  of  2  cm 
diameter  was  then  introduced  with  the  nominal  electron 
trap  voltages  applied.  The  measured  current  is  55%  of  the 
total,  again  consistent  with  the  EGUN  prediction.  The 
measured  profile  of  the  aperture  beam  is  much  more 
uniform,  and  the  emittance  is  a  factor  of  2  lower 
(translating  to  an  overall  increase  of  brightness  by  a  factor 
of  2). 
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Figure  5:  Beam  aperturing  experiments  are  modeled  by  an 
iterative  calculation  with  EGUN. 


To  understand  the  effect  of  electrons  generated  by  the 
beam  on  the  aperture  and  the  diagnostic  plates,  we  vary 
the  bias  voltage  on  the  electron  trap.  The  total  current 
measured  in  the  Faraday  cup  increases  as  the  magnitude 
of  the  negative  bias  is  reduced.  We  also  measured  the 
change  in  beam  profile  as  the  bias  voltage  is  varied.  We 
notice  that  as  the  bias  voltage  moves  towards  zero,  the  on- 
axis  current  is  greatly  enhanced.  Associated  with  the  on- 
axis  enhancement  is  a  slight  reduction  in  the  overall  radial 
dimension  of  the  beam  (Figure  4). 

These  observations  are  consistent  with  a  picture  where 
electrons  are  trapped  within  the  beam  as  the  electron  trap 
voltage  is  reduced.  To  quantitatively  evaluate  these 
effects,  we  performed  a  series  of  simulations,  using  PIC 
codes  as  well  as  ray-tracing  codes.  The  predicted  current 
and  beam  profiles  are  shown  in  Fig  5. 


Figure  3:  Extracted  current  from  NTX  follows  Child- 
Langmuir  Law. 


-30  -20  -10  O  10  20  30 
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Figure  4:  Beam  Profile  as  function  of  trap  voltage. 
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Figure  6:  A  High  Brightness  apertured  beam  (300kV, 
25  mA,  2  cm  aperture) 

With  the  qualitative  agreement  of  code  and  experiment, 
the  following  picture  emerges:  when  the  negative  bias  on 
the  electron  trap  is  sufficiently  high,  the  electrons  bom  on 
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the  aperture  plate  and  the  diagnostic  plates  are  locally 
trapped.  Their  effect  on  the  ion  beam  is  minimal. 
However,  as  the  negative  bias  is  reduced,  the  electrons  are 
finally  able  to  break  through  the  electrostatic  barrier,  and 
will  accumulate  around  the  beam  axis  (the  bottom  of  the 
potential  well).  The  region  of  electron  population 
increases  with  reducing  bias  voltage.  These  on-axis 
electrons  cancel  the  space-charge  effect  of  the  ions, 
causing  the  overall  ion  beam  envelope  to  decrease,  and 
the  on-axis  ion  density  to  increase.  The  total  current 
through  the  aperture  also  increases  as  a  result. 
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Abstract 

The  NTX  experiment  at  the  Heavy  Ion  Fusion  Virtual 
National  Laboratory  is  exploring  the  performance  of 
neutralized  final  focus  systems  for  high  perveance  heavy 
ion  beams.  The  NTX  final  focus  system  produces  a 
converging  beam  at  the  entrance  to  the  neutralized  drift 
section  where  it  focuses  to  a  small  spot.  The  final  focus 
lattice  consists  of  four  pulsed  quadrupole  magnets.  The 
main  issues  are  the  control  of  emittance  growth  due  to 
high  order  fields  from  magnetic  multipoles  and  image 
fields.  We  will  present  experimental  results  from  NTX  on 
beam  envelope  and  phase  space  distributions,  and 
compare  these  results  with  particle  simulations  using  the 
particle-in-cell  code  WARP. 

INTRODUCTION 

A  driver  beam  is  transported  in  the  final  focus  section 
through  several  strong  magnetic  quadrupoles,  and  is  then 
allowed  to  drift  ballistically  through  neutralizing  plasma 
in  a  low-density  (millitorr)  gas  onto  the  target.  There  are 
nonlinear  processes  both  in  the  magnetic  section  as  well 
as  in  the  neutralized  transport  section.  To  investigate  these 
phenomena,  the  Neutralized  Transport  Experiment  (NTX) 
has  begun  at  LBNL  [1].  The  experimental  setup  (Fig.  1) 
consists  of  three  major  sections,  a  low-emittance 
potassium  gun  [2],  a  magnetic  transport  section  with  4 
pulsed  quadrupoles  [3],  and  a  one-meter  long  drift  section 
with  plasma  neutralization  [4]. 


Figure  1 :  Final  focus  system  for  ballistically  neutralized 
drift  (cut-away  view  of  components). 

The  3-D  PIC  simulation  code  WARP3D  has  been  used 
to  design  the  gun  and  the  magnetic  lattice,  and  predictions 
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of  nonlinear  forces  have  been  made  and  are  compared 
against  the  NTX  experiments.  The  MRC  electromagnetic 
code  LSP  has  been  used  to  specify  the  requirements  for 
the  plasma  source,  as  well  as  the  predicted  degree  of 
neutralization  as  a  function  of  the  various  beam  and 
plasma  parameters. 

FINAL  FOCUS  LATTICE 

The  transport  section  is  designed  to  correspond  closely 
to  a  prototypical  HIF  driver  final  focus  channel.  It 
consists  of  four  pulsed  quadrupole  magnets  with  short 
drift  regions,  including  the  drift  from  the  source  into  the 
channel  and  the  drift  into  the  plasma  neutralization 
chamber.  Figure  2  shows  the  horizontal  and  vertical  beam 
envelopes  through  the  system,  with  and  without  beam 
neutralization  after  the  final  focus  lattice.  The  quadrupole 
fields  are  chosen  to  obtain  a  beam  of  one-meter  focal 
length  (20  mm,  -20  mr)  at  the  entrance  to  the 
neutralization  region. 


NTX  Experiment  (Final  Focus  System  in  HCX) 
Ql|;  Q2  [q3  CM  «  |E  riJ 


Z(m) 


Figure  2:  Final  focus  lattice  for  ballistically  neutralized  drift. 

The  heavy  ion  beam  is  space  charge  dominated  in  the 
final  focus  system,  where  it  has  a  large  cross  section  and 
is  highly  non-paraxial.  The  beam  expands  in  the  two 
center  magnets,  which  determines  the  amount  of 
nonlinear  magnetic  fields  that  the  beam  samples  as  well  as 
the  degree  of  non-paraxial  motion.  Therefore,  particle 
tracking  simulations  require  the  knowledge  of  the 
multipole  field  content  of  the  magnetic  field.  It  can  be 
shown  that  to  second  order  [5]  the  main  contribution  to 
the  beam  dynamics  come  from  the  normal  quadrupole,  the 
normal  sextupole  and  the  pseudo-octupole  components  of 
the  magnetic  field.  These  three  components  are  included 
in  all  the  numerical  simulations  performed  for  the  design 
of  the  lattice. 
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TRANSPORT  IN  FINAL  FOCUS  SYSTEM 

A  high  brightness  ion  beam  is  an  essential  component  of 
the  Neutralized  Transport  Experiment  (NTX).  An  ion 
beam  extracted  from  a  Pierce-type  diode  suffers  from 
spherical  aberrations  as  evidenced  from  phase  space 
distortions  (high  emittance)  and  from  non-uniform  density 
profiles.  Since  the  source  of  these  aberrations  are  the  high 
order  field  components,  the  particles  at  the  edge  of  the 
beam  are  the  most  affected.  One  way  to  generate  high 
brightness  beams  is  to  remove  the  edge  of  the  beam  after 
it  is  generated  in  the  diode  [2].  To  study  beam  transport 
through  the  final  focus  system  we  have  used  a  300  keV, 
25  mA,  beam  with  a  normalized  emittance  of  0.05 
71-mm-mr  and  a  uniform  density  profile.  Optical 
scintillators  imaged  by  CCD  cameras  and  mechanical  slit 
scanners  [6]  were  used  to  measure  the  beam  profiles  and 
phase  space  distributions  of  the  beam  at  the  end  of  the 
final  focus  lattice.  Figure  3  shows  the  good  agreement 
between  the  measured  (top)  and  calculated  (bottom)  beam 
profile  and  phase  space  distribution  for  the  nominal 
energy  (300  keV,  25  mA)  and  quadrupole  field 
configuration;  it  also  shows  that  the  final  parameters  for 
the  nominal  case  correspond  to  that  of  a  beam  of  the 
required  one-meter  focal  length  (20  mm  radius  and  20  mr 
convergence). 


Figure  3:  Experimental  results  and  simulations  of  beam 
profile  and  phase  space  distribution  at  exit  of  channel. 

The  slight  distortion  of  the  beam  profile  was  traced  back 
to  a  small  rotation  (5  mr)  of  one  of  the  quadrupoles.  The 
beam  is  uniform  with  a  narrow  rim  due  to  field 
aberrations  and  the  final  normalized  emittance  of  the 
beam  is  ~0.1  Tc-mm-mr  as  required  by  the  plasma 
neutralization  experiment  [4]. 


The  low  emittance  (~30  7i-mm-mr  unnormalized)  allows 
for  the  beam  to  be  focused  to  a  small  spot  size  (1-2  mm 
radius)  at  the  focal  point  for  neutralized  ballistic  transport. 
Furthermore,  Faraday  cup  measurements  of  the  beam 
current  at  entrance  and  exit  of  the  final  focus  system  have 
shown  insignificant  beam  loss  along  the  transport 
channel. 

ENERGY  AND  QUADRUPOLE  FIELD 
SCANS 

We  have  also  performed  a  complete  characterization  of 
the  quadrupole  lattice  by  comparing  experimental  results 
with  particle  simulations  using  the  particle-in-cell  code 
WARP.  Figure  4  shows  the  good  agreement  between  the 
calculated  (top)  and  measured  (bottom)  beam  profiles  at 
the  exit  of  the  final  focus  system  when  the  beam  energy  is 
varied  in  steps  of  3%  around  the  nominal  energy  (image 
at  center).  The  numerical  simulations  track  the  beam 
behavior  as  the  beam  expands  by  a  large  factor  when  the 
energy  changes  from  -9%  to  +9%  around  the  nominal 
energy. 


Figure  4:  Numerical  results  and  camera  images  of  beam 
profiles  as  function  of  energy. 


We  also  compared  (Fig.  5)  the  beam  profiles  for  several 
quadrupole  strength  configurations  as  calculated  by 
WARP  and  as  measured.  For  each  quadrupole,  the 
corresponding  row  shows  the  profiles  for  a  change  of  - 
5%,  0%  and  +5%  from  the  nominal  quadrupole  strength. 
This  comparison  shows  the  good  agreement  that  we  have 
obtained  so  far,  between  measurements  and  simulations. 
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Figure  5:  Numerical  results  and  camera  images  of  beam 
profiles  as  function  of  quadrupole  field  configuration. 
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4-D  PHASE  SPACE  MEASUREMENT 

We  are  developing  a  new  technique  to  measure  the 
4-dimensional  phase  space  distribution  of  the  beam  using 
the  beam  imaging  diagnostics  [6].  The  phase  space 
distribution  f(x,y,x',y')  can  be  measured  by  scanning  the 
beam  with  a  small  pinhole  (20  mils  in  diameter)  and 
letting  the  transmitted  beamlet  to  travel  a  long  distance 
(~1  meter)  before  striking  the  scintillator  where  an  image 
is  taken.  The  position  of  the  pinhole  defines  the 
coordinates  x  and  y,  and  from  the  image  we  can  extract 
the  density  distribution  of  x'  and  y\  Due  to  the  fact  that 
the  beam  at  the  exit  of  the  final  focus  system  is  prepared 
to  focus  to  small  spot  in  the  absence  of  space  charge,  a 
standard  pepperpot  technique  does  not  work  since  all  the 
individual  beamlets  would  fall  on  a  single  spot.  Figure  6 
shows  schematically  this  technique  along  with  some 
images  of  the  individual  beamlets  that  show  a  very 
detailed  structure  of  the  phase  space  distribution.  The 
knowledge  of  the  4-dimensional  phase  space  will  be 
essential  in  order  to  run  more  realistic  simulations  of  the 
beam  focusing  to  a  small  spot  when  drifting  through 
neutralizing  plasma. 


CONCLUSIONS 

Initial  experiments  of  beam  transport  through  the  NTX 
final  focus  systems  has  produced  the  design  beam 
parameters  required  for  the  neutralization  transport 
experiment.  Further  measurements  to  obtain  the 
4-dimensional  phase  space  distribution  at  the  exit  of  the 
final  focus  system  will  provide  the  initial  condition  for 
realistic  simulation  of  the  beam  dynamics  when 
ballistically  focused  through  neutralizing  plasma. 
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Figure  6:  Beam  imaging  technique  to  measure  the 
phase  space  distribution  f(x,y,x',y'). 
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Abstract 

The  NTX  experiment  at  the  Heavy  Ion  Fusion  Virtual 
National  Laboratory  is  exploring  the  performance  of 
neutralized  final  focus  systems  for  high  perveance  heavy 
ion  beams.  A  converging  ion  beam  at  the  exit  of  the  final 
focus  magnetic  system  is  injected  into  a  neutralized  drift 
section.  The  neutralization  is  provided  by  a  metal  arc 
source  and  an  RF  plasma  source.  Effects  of  a  “plasma 
plug”,  where  electrons  are  extracted  from  a  localized 
plasma  in  the  upstream  end  of  the  drift  section,  and  are 
then  dragged  along  by  the  ion  potential,  as  well  as  the 
“volumetric  plasma”,  where  neutralization  is  provided  by 
the  plasma  laid  down  along  the  ion  path,  are  both  studied 
and  their  relative  effects  on  the  beam  spot  size  are 
compared.  Comparisons  with  3-D  PIC  code  predictions 
will  also  be  presented. 

INTRODUCTION 

A  driver  beam  is  transported  in  the  final  focus  section 
through  several  magnetic  quadrupoles,  and  is  then 
allowed  to  drift  ballistically  through  neutralizing  plasma 
in  a  low-density  (miilitorr)  gas  onto  the  target.  There  are 
nonlinear  processes  both  in  the  magnetic  section  as  well 
as  in  the  neutralized  transport  section.  To  investigate  these 
phenomena,  the  Neutralized  Transport  Experiment  (NTX) 
has  begun  at  LBNL  [1].  The  experimental  setup  (Fig.  1) 
consists  of  three  major  sections,  a  low-emittance 
potassium  gun  [2],  a  magnetic  transport  section  with  A 
pulsed  quadrupoles  [3,4],  and  a  one-meter  long  drift 
section  with  plasma  neutralization. 


400  kV  ftlarx  ;,nd  injector  Scintillating 


MEVVA  Source  RF  Source 

(plasma  plug)  (volumetric) 


Figure  1:  Neutralized  Transport  Experiment  (NTX). 
"EHENESTROZ  A@1bl .  gov 

♦This  work  has  been  performed  under  the  auspices  of  the  US  DOE  by 
UC-LBNL  under  contract  DE-AC03-76SF00098,  for  the  Heavy  Ion 
Fusion  Virtual  National  Laboratory. 


The  MRC  electromagnetic  code  LSP  has  been  used  to 
specify  the  requirements  for  the  plasma  source,  as  well  as 
the  predicted  degree  of  neutralization  as  a  function  of  the 
various  beam  and  plasma  parameters.  The  PIC  simulation 
code  WARP  has  also  been  used  to  simulate  the  beam 
dynamics  for  specific  degrees  of  neutralization. 

PLASMA  NEUTRALIZATION 

Neutralization  is  essential  for  focusing  heavy  ion 
beams  onto  target.  Figure  2  shows  a  conceptual  layout  of 
a  neutralization  system.  For  NTX  the  plasma  plug  is  a 
MEWA  plasma  source,  the  volumetric  plasma  is 
supplied  by  an  RF  source  and  the  target  is  a  scintillator 
imaged  by  a  CCD  camera. 

Plasma  Plug  I —  Chamber  Wall 


(externally  injected  plasma) 

_  \  W 

Low  pressure  chamber 
(~  1(F  Torr). 

.■*>•■  C~“> 

. . . "'"SIT 

. 

A  n 

|  Target 

Final  focus 
maanet 

Volumetric  plasma 

Figure  2:  Neutralization  system  layout. 

The  MEWA  (Fig.  3)  and  the  Argon  plasma  (Fig.  4) 
sources  deliver  reproducible  plasma  densities  ten  times 
greater  than  the  beam  density,  sufficient  for  a  range  of 
plasma-plug  and  volumetric  neutralization  experiments. 


Figure  3:  MEWA  plasma  source. 
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Non-neutralized  drift 

As  a  preliminary  test  of  the  NTX  system,  the  beam  was 
injected  into  a  vacuum  pipe  without  any  neutralization. 
Figure  6  shows  the  measured  beam  profiles  at  1  meter 
downstream  from  the  exit  of  the  final  focus  system.  The 
energy  varies  from  260  to  300  keV,  and  the  beam  size  is 
in  good  agreement  with  WARP  simulations. 


Figure  6:  Beam  profiles  1  meter  downstream  from  the 
exit  of  the  final  focus  system  for  non-neutralized  drift. 


Figure  4:  Argon  RF  plasma  source. 


BEAM  DYNAMICS 

The  NTX  injector  can  deliver  high  brightness  beams  in 
a  range  of  220-340  keV,  15-30  mA,  with  a  normalized 
emittance  of  -0.05  Tt-mm-mr  and  a  uniform  density 
profile.  The  quadrupole  fields  in  the  final  focus  system 
are  chosen  to  obtain  a  beam  of  one-meter  focal  length  (20 
mm  radius  and  20  mr  convergence)  at  the  entrance  to  the 
neutralization  region  for  the  nominal  energy  (300  keV,  25 
mA).  Optical  scintillators  imaged  by  CCD  cameras  and 
mechanical  slit  scanners  [5]  were  used  to  measure  the 
beam  profiles  and  phase  space  distributions  of  the  beam  at 
the  end  of  the  final  focus  lattice.  Figure  5  shows 
agreement  between  the  measured  and  calculated  beam 
profiles  for  the  nominal  energy  and  quadrupole  field 
configuration. 


Neutralized  transport 

The  low  emittance  (-30  7i-mm-mr  unnormalized)  of  the 
beam  at  the  entrance  to  the  neutralized  region  allows  for 
the  beam  to  be  focused  to  a  small  spot  size  (1-2  mm 
radius)  at  the  focal  point  for  neutralized  ballistic  transport. 
Figure  7  shows  the  measured  dependence  of  beam  spot 
size  at  the  focal  plane  on  neutralization  mechanism, 

VACUUM  MEWA  (plasma  plug) 


«r 


MEWA  and  RF  (volumetric  plasma)  MEWA,  RF  and  background  gas /e' 


t  IRKI 


Figure  5:  CCD  camera  image  and  WARP  simulation 
results  of  converging  beam  profiles  at  entrance  to  the 
neutralization  region. 

The  slight  distortion  of  the  measured  beam  profile  is  due 
to  a  small  rotation  (5  mr)  of  one  of  the  quadruples.  The 
beam  is  uniform  with  a  narrow  rim  due  to  field 
aberrations  and  the  final  normalized  emittance  of  the 
beam  is  0. 1 71-mm-mr. 


Figure  7:  Spot  size  dependence  on  neutralization 
mechanism.  Image  box  size  is  4cm  x  4  cm  squares. 

LSP  simulations  of  NTX  including  plasma  plug  and 
volumetric  neutralization  were  performed  starting  from 
beam  initial  conditions  at  the  entrance  to  the 
neutralization  region.  In  one  series  (Fig.  8)  of  LSP 
simulations,  the  initial  condition  is  the  final  phase  space 
distribution  as  calculated  by  WARP  for  the  transport  of 
the  NTX  beam  from  the  gun  to  the  exit  of  the  final  focus 
system.  There  is  qualitative  agreement  with  measured 
spot  sizes.  The  measurement  of  the  detailed  structure  of 
the  phase  space  distribution  in  4-dimensional  phase  space 
seems  essential  in  order  to  run  more  realistic  simulations 
of  the  beam  focusing  to  a  small  spot  when  drifting 
through  neutralizing  plasma  [4]. 
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Figure  8:  WARP-LSP  NTX  simulation  with  plasma  plug 
neutralization. 
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Figure  9:  Analog  (pinhole)  simulation  and  WARP 
calculation  of  fully  neutralized  beam  focused  to  a  small 
spot.  Image  box  size  is  4cm  bx  4  cm  squares. 


ANALOG  SIMULATION  OF  FULLY 
NEUTRALIZED  BEAM  TRANSPORT 

We  are  developing  a  new  technique  [4]  to  measure  the 
4-dimensional  phase  space  distribution  of  the  beam  using 
the  beam  imaging  diagnostics.  The  phase  space 
distribution  f(x,y,x',y')  can  be  measured  by  scanning  the 
beam  with  a  small  pinhole  (20  mils  in  diameter)  and 
letting  the  transmitted  beamlet  to  travel  a  long  distance 
(~1  meter)  before  striking  the  scintillator  where  an  image 
is  taken.  The  position  of  the  pinhole  defines  the 
coordinates  x  and  y,  and  from  the  image  we  can  extract 
the  density  distribution  of  x'  and  y'.  This  technique  will 
be  used  to  measure  the  detailed  structure  of  the  phase 
space  distribution. 

The  same  diagnostics  system  can  be  used  to  simulate  the 
effect  of  full  neutralization  on  a  beam,  since  each  beamlet 
going  through  a  pinhole  only  carries  the  information 
about  the  phase  space  distribution  at  a  given  location 
without  being  perturbed  by  the  space  charge  of  the  full 
beam.  The  superposition  of  all  the  pinhole  images  at  a 
given  location  can  be  compared  with  a  beam  transport 
calculation  where  the  space  charge  is  turned  off  at  the 
pinhole-scan  plane.  Figure  9  shows  a  comparison 
between  this  “analog  simulation”  and  WARP;  the 
agreement  is  excellent  and  shows  that  the  emittance  is  low 
enough  to  get  a  small  spot  (~1  mm  radius). 


CONCLUSIONS 

Initial  experiments  of  beam  transport  through  the  NTX 
neutralization  section  have  produced  a  small  spot  at  the 
focal  plane  consistent  with  numerical  and  analog 
calculations.  Further  measurements  to  obtain  the 
4-dimensional  phase  space  distribution  at  the  exit  of  the 
final  focus  system  will  provide  the  initial  condition  for 
more  realistic  simulation  of  the  beam  dynamics  when 
ballistically  focused  through  neutralizing  plasma. 
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Abstract 

The  NTX  experiment  at  the  Heavy  Ion  Fusion  Virtual 
National  Laboratory  is  exploring  the  performance  of 
neutralized  final  focus  systems  for  high  perveance  heavy 
ion  beams.  We  are  developing  a  non-destructive  beam 
diagnostic  system  to  characterize  the  ion  beam  during  its 
operation.  Ion  beam  space  charge  is  sensed  by  measuring 
deflection  of  mono  energetic  electron  passing  transversely 
through  the  ion  beam.  In  this  diagnostic  system  an 
electron  beam  of  a  submillimeter  size  with  1-5  pA  current 
and  5-8  kV  energy  will  be  injected  perpendicularly 
through  the  ion  beam.  The  position  and  intensity  of  the 
deflected  e-beam  would  be  registered  on  a  scintillator  for 
optical  analysis  to  characterize  the  ion  beam.  An  electron 
beam  of  negligible  space  charge  will  be  deflected  at  an 
angle  that  depends  on  the  charge  density  and  energy 
distribution  of  the  ion  beam  along  its  trajectory.  The  e- 
beam  current  and  energy  are  chosen  such  that  its 
trajectory  will  be  significantly  perturbed  without 
perturbing  the  ion  beam.  We  present  a  progress  report  on 
this  diagnostic  system  including  the  characterization  of 
the  electron  gun,  the  design  of  the  e-beam  transport 
system,  and  a  study  of  the  scintillator  and  its  associate 
electronics  and  photonic  components. 

INTRODUCTION 

The  Heavy  Ion  Fusion  program  [1]  has  a  great  demand  for 
energy  production  and  a  series  of  experiments  [2-4]  are 
under  way.  These  experiments  have  been  considering  a 
beam  from  an  ion  source,  like  k+  [5-6].  When  attempting 
to  characterize  the  profile  and  field  distribution  of  an  ion 
beam,  most  diagnostics  like  a  faraday  cup,  slit  cup, 
pepperpot  [7-8],  optical  scintillator  are  destructive  to  the 
beam  line  and  significantly  alter  the  properties  of  ion 
beam  itself.  Moreover,  during  the  characterization 
process,  a  beam  line  is  non-useful  for  its  applications,  and 
characterization  is  not  in  same  sequence  of  time  of  beam 
application.  We  are  interested  in  use  of  an  electron  beam 
as  an  electron  probe  within  a  system  to  develop  a  non 
intercepting  diagnostic  for  a  ion  beam  profile  and  fields 
measurement. 

In  this  proceeding,  overview  of  the  diagnostic  design 
concept  will  be  presented  first,  and  will  follow  to  a 
description  of  design,  construction  and  setup  of  the 
system.  Finally  the  results  of  electron  beam  deflection  by 
magnets  and  future  plan  will  be  presented. 

♦This  work  has  been  performed  under  the  auspices  of  the  US  DOE  by 
UC-LBNL  under  contract  DE-AC03-76SF00098,  for  the  Heavy  Ion 
Fusion  Virtual  National  Laboratory.  *PKRoy@lbl.gov 


OVERVIEW  OF  NON-INTERCEPTING 
DIAGNOSTIC 

By  measuring  the  deflections  of  electrons,  from  an  e-gun, 
after  they  pass  through  an  ion  beam,  we  hope  to  work 
backwards  and  quantify  how  the  charge  varies  throughout 
the  ion  beam.  In  order  to  create  an  array  of  deflections 
corresponding  to  every  section  of  the  ion  beam,  the 
electron  beam’s  initial  displacement  must  be  varied.  A 
chicane  magnetic  arrangement  would  provide  this  initial 
displacement.  Figure  1  shows  a  schematic  diagram  of  the 
arrangement.  This  arrangement  consists  of  four  dipole 
magnets  (D1  to  D4)  of  equal  strength  wired  in  series  to 
produce  the  field  directions  shown. 


Figure  1:  A  sketch  of  non- intercepting  beam  diagnostic. 


By  varying  the  strength  of  the  magnetic  fields  in  a 
series  of  measurements,  electron  beam  would  be  able  to 
pass  through  every  part  of  the  ion  beam,  and  thus  a  charge 
distribution  of  the  cross  section  of  the  ion  beam  could  be 
produced.  For  measurement  of  e-beam  deflection  a 
scintillating  detector  is  placed  at  the  end  of  the  diagnostic. 
Deflection  of  an  e-beam  in  an  Ion  beam  charge 
distribution  is  calculated  using  the  following  formula 
based  on  a  uniform  cylindrical  ion  charge  distribution. 

i 
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where  J0  is  the  charge  density  of  the  ion  beam,  a  and  b 
are  the  ion  beam  radius,  and  electron  beam  displacement 
by  the  magnets  (D1  and  D2),  respectively,  q ,  me  and  v 
are  the  charge,  mass  and  velocity  of  of  an  electron, 
respectively.  £0  is  the  permittivity  of  free  space.  Figure 

2  shows  a  calculated  deflection  curve  for  a  5  keV  e-beam 
passing  through  a  300  keV  ion  beam  of  2  cm  diameter  and 
20  mA  current. 
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INSTRUMENTATION  AND 
EXPERIMENTAL  SETUP 

Development  of  the  diagnostic  was  considered  in 
several  stages.  These  were:  selection  of  electron  gun  and 
electron  beam  imaging  scintillator,  design  of  4  dipole 
magnets,  installation  of  electron  gun,  magnets  and 
scintillator  in  a  same  vacuum  chamber  keeping  a  pathway 
for  a  future  ion  beam  line.  A  brief  description  of  the 
devices  has  been  presented  below. 


PANDIRA  [11]  derived  correction  factor  for  the  "bonus" 
fringe  field  that  provides  additional  vertical  bending 
beyond  the  pole-tip  edge. 
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Figure  2:  Deflection  of  electron  beam  by  an  ion  beam. 

Electron  gun 

A  factory  made  (EGG-3101,  Kimball  Physics  Inc.)  10 
keV,  and  10  jxA  range  LaB6  cathode  [9-10]  embedded 
electron  gun  was  installed  in  the  diagnostic  box  to  use  as 
an  electron  probe.  A  working  distance  of  the  gun  is  around 
1  meter  with  a  spot  of  couple  of  hundred  micron  in 
diameter. 

Chicane  Magnet 

The  dipoles  are  iron  dominated  to  minimize  current 
requirement  and  provide  high  field  uniformity.  They  are 
designed  to  operate  in  vacuum,  in  order  to  eliminate  the 
need  for  a  vacuum  chamber  that  can  fit  between  the 
poletips.  Aluminum  can  be  hard  anodized  for  electrical 
insulation,  eliminating  the  need  for  organic  or  fiber  base 
inorganic  insulation  which  are  less  vacuum  compatible.  A 
low  current  density  minimizes  resistive  loss,  allowing  coil 
cooling  by  radiation  only,  eliminating  the  need  for  water 
cooling  in  vacuum.  A  small  number  of  turns  minimize 
voltage  drop  and  conducting  area.  This  place  is  less 
demand  on  electrical  insulation  and  reduces  out  gassing. 
Figure  3  and  4  show  the  H  dipole  DC  magnet  that  was 
designed  and  fabricated  at  LBNL.  Coils  are  machined 
from  a  single  piece  of  6060-T6  aluminum,  slotted  to 
provide  the  desired  current  path,  then  hard  anodized  for 
electrical  insulation.  Leads  are  gold  plated  to  minimize 
contact  resistance.  Use  of  annealed  ultra  low  carbon  steel 
was  used  for  high  permeability  and  low  out  gassing.  The 
magnet  layout  (30  mm  magnetic  length  along  e-beam,  6 
mm  poletip  gap,  60  mm  drift  distance  (horizontal) 
between  steel  yokes,  150  mm  pole-tip  heights)  requires  a 
current  of  6.7A  @  ~3  mV/coil  to  achieve  an  e-beam  (5 
keV)  height  of  40  mm  (32  G).  This  calculation  includes  a 


Figure  3:  DC  dipole  magnet,  exploded  view. 

Scintillator 

An  Yttrium  Aluminum  Perovskite  Scintillator  (YAP:Ce) 
was  used  with  the  system  Density,  maximum  emission 
length,  decay  time  and  photon  emission  ability  of  this 
scintillator  are  5.57  g/cm3,  350  nm,  27  nsec,  and  18/keV, 
respectively.  It  has  negligible  thermal  expansion  (4-11 
ppm)  with  high  melting  point  (1875°C).  The  depth  or 
thickness  of  the  5  keV  stopping  at  YAP  was  calculated  to 
be  0.028  pm  using  well  known  Bethe  formula  [12],  where 
atomic  density  of  the  scintillator  in  atoms  per  cubic  meter, 
/7=3.859X1028  m’3  was  calculated  from  a  consideration 
of  effective  atomic  number  36  of  YAP:Ce  scintillator. 
This  atomic  number  is  equal  to  atomic  number  of  Krypton 
(Kr),  therefore  the  atomic  mass  of  YAP  is  considered  to 
be  the  same  as  Kr  (83.80).  Though  a  calculated  time 
constant  was  obtained  in  the  femto  second  range, 
however,  charge  can  build  up  on  the  front  surface  of  the 
scintillator,  if  it  is  isolated  from  the  ground.  This  charge 
buildup  will  repulse  the  incoming  beam  trajectories  on  or 
near  the  same  landing  area.  To  drain  this  charge,  a  100  nm 
Aluminum  coating  on  a  YAP  scintillator  was  made  by 
evaporation.  The  capacitance  of  scintillate  embedded 
charge  relative  to  the  aluminum  layer  is  calculated  to  be 
5.28X1  O'7  farad.  An  RC  time  constant  2.23X10-13  sec  was 
calculated  for  the  100  nm  coating  which  is  sufficient  for 
charge  draining.  Some  input  energy  of  the  e-beam  is  lost 
in  this  coating.  For  a  100  nm  coating  this  is  calculated  to 
be  approximately  1 .2keV. 


Figure  4:  Mechanical  Design  of  a  DC  dipole  magnet. 
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Experimental  setup 

Figure  5  shows  an  image  of  the  diagnostic  box 
assembled  with  an  electron  gun,  magnets  and  scintillator. 
A  CCD  camera  is  installed  and  focused  on  the  scintillator. 
This  camera  was  connected  to  a  computer  to  record  image 
data.  During  start  up,  the  gun  source  is  electrically  heated 
to  an  emission  temperature.  The  electron  beam  is  focused 
to  the  scintillator  using  appropriate  voltages  for  focus  and 
grid.  Pressure  of  the  system  is  maintained  better  than 
1X10"7  Torr  using  2  turbo-molecular  pumps. 


Figure  5:  Ion  beam  diagnostic. 

RESULTS  AND  DISCUSSIONS 

The  electron  gun  operates  at  energy  of  5  to  10  keV  and 
delivering  a  beam  current  as  our  requirement  of  1  to  2  pA. 
We  are  able  to  obtain  mm  size  electron  beam  spot  at  a 
distance  of  1.25m  (after  D4  magnet  in  the  Fig.  1)  without 
any  magnetic  steering  or  focusing  in  the  drift  path.  Figure 
6  shows  images  of  electron  beam  height  at  an  ion  beam 
path  (between  D2  and  D3  of  Fig  1.)  varying  current 
through  magnets  D1  and  D2  (Fig.l).  A  small  change  in 
electron  beam  location  was  identical  by  knowing  a  pixel 


Figure  6:  Electron  beam  deflection  height  through  a  2  cm 
scintillator.  Dark  center  spot  is  an  e-beam  spot  deflected 
from  up  to  down  as  shown  by  numerical  numbers. 

value  of  the  center  of  an  e-beam  spot,  thus  beam  size  did 
not  effect  to  any  small  deviation  of  landing,  and  thus  were 
able  to  get  a  good  resolution  of  displacement.  Figure  7 
shows  an  experimental  data  of  e-beam  displacement  at  the 
center  of  the  diagnostic  (between  D2  and  D3  in  the  Fig.  1) 


by  2  magnets  (D1  and  D2).  A  displacement  of  25mm  for  a 
6keV  e-beam  was  recorded  by  a  gap  field  of  25G  or  a 
current  of  6.5A  through  the  DC  magnets.  We  measure  a 
height  change  of  ±  3  cm  of  the  e-beam  that  indicates  that 
a  large  size  (-6  cm  diam.)  ion  beam  scan  is  possible. 

We  are  designing  a  time  e-beam  pulse  system  to 
implement  the  diagnostic  in  an  ion  beam. 


Figure  7:  E-beam  deflection  at  the  center  of  diagnostic. 
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MAGNETIC  LATTICE  FOR  THE  HIF  NEUTRALIZED  TRANSPORT 

EXPERIMENT  (NTX)* 

D.  Shuman*,  S.  Eylon,  E.  Henestroza,  P.  K.  Roy,  W.  Waldron,  S.  S.  Yu,  LBNL,  T.  Houck,  LLNL 


Abstract 

The  NTX  experiment  at  the  Heavy  Ion  Fusion  Virtual 
National  Laboratory  is  exploring  the  performance  of 
neutralized  final  focus  systems  for  high  perveance  heavy 
ion  beams.  A  pulsed  magnetic  four-quadrupole  transport 
system  for  a  400  keV,  80  mA  space  charge  dominated 
heavy  ion  beam  has  been  designed,  fabricated,  tested, 
measured,  and  commissioned  successfully  for  the 
Neutralized  Transport  Experiment  (NTX).  We  present 
some  generalized  multipole  decompositions  of  3-D  finite 
element  calculations,  and  2-D  transient  finite  element 
simulations  of  eddy  currents  in  the  beam  tube.  Beam 
envelope  calculations  along  the  transport  line  were 
performed  using  superposition  of  individually  3-D 
calculated  magnetic  field  maps.  Revised  quadrupole 
design  parameters  and  features,  plus  fabrication  and 
testing  highlights  are  also  presented.  Magnetic  field 
measurements  were  made  using  both  Hall  probes  (low 
field  DC)  and  inductive  loop  coil  (high  field  pulsed). 
Magnet  testing  consisted  of  repetitive  full  current  pulsing 
to  determine  reliability. 

MAGNETIC  LATTICE 

The  transport  section  is  designed  to  correspond  closely 
to  a  prototypical  HIF  driver  final  focus  channel.  It 
consists  of  a  double  FODO  channel  with  very  short  drift 
regions,  including  the  drift  from  the  source  into  the 
channel,  and  the  drift  into  the  plasma  neutralization 
chamber.  Fig.  1  shows  the  X  and  Y  beam  profiles  through 
the  system,  with  and  without  beam  neutralization  at  the 
exit.  The  beam  is  quite  large  in  the  two  center  magnets, 
which  determines  the  required  bore  size  and  winding 
radius.  The  magnet  has  a  relatively  short  center  section 
and  a  substantial  portion  of  the  magnetic  field  is  contained 
in  the  end  fringe  fields,  with  significant  axial  components. 
The  heavy  ion  beam  is  space  charge  dominated,  having  a 
large  cross  section,  and  being  highly  non-paraxial.  As 
such,  the  usual  method  of  (beam  axis  integrated)  field 
quantification  into  normal  multipoles  of  discrete  length 
does  not  allow  accurate  particle  tracking  simulation,  as 
these  hard-edge  field  simplifications  do  not  contain  the 
axial  field  components  and  nonlinear  (with  radius) 
gradients  which  are  a  significant  source  of  particle 
deflection.  Thus,  both  normal  and  pseudomultipoles  are 
important  and  both  must  be  considered  in  lattice  design, 
requiring  3D  magnetic  analysis. 


Figure  1 .  Magnetic  Lattice 


MAGNETIC  FIELD  MODELING 

A  three-dimensional  finite  element  model  of  the  magnet 
was  generated,  using  ANSYS/EMAG  and  solved  for  the 
static  field  in  3D  space.  A  scalar  potential  formulation 
was  used,  with  source  current  elements  used  for  the  coil. 
The  space  modeled  was  a  1/8*  section  of  one  half  the 
magnet.  Far  field  (infinite  boundary)  elements  bounded 
the  outer  radius  and  end,  at  a  distance  75  cm  from  the 
magnet  midplane,  which  extends  well  past  the  source  and 
final  focus  points.  A  cylindrical  Neumann  boundary  was 
used  to  simulate  the  steel  core,  in  order  to  speed  analysis 
for  a  fine  mesh  model.  An  earlier  coarse  mesh  model  with 
steel  included  (nonlinear  B-H  curve)  showed  no 
significant  saturation. 


NTX  Eeamline  magnetic  Field,  single  magnet 


*This  work  has  been  performed  under  the  auspices  of  the  US  DOE  by 
UC-LBNL  under  contract  DE-AC03-76SF00098,  for  the  Heavy  Ion 
Fusion  Virtual  National  Laboratory. 


Figure  2.  Symmetric  Magnet  Model,  Half  Octant 

The  resulting  3D  field  maps  generated  were  decomposed 
into  both  normal  and  pseudomultipoles  as  a  function  of 
distance  in  the  axial  direction.  Figure  3  shows  these 
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multipoles  as  a  function  of  distance  in  Z.  Both  half  octant 
models  and  full  magnet  f.e.  models,  complete  with  spiral 
coil  geometry  and  leads,  were  computed  to  determine 
both  symmetry-allowed  and  full  skew  (normal  and  skew) 
multipoles,  respectively.  These  are  the  dominant  field 
quantities  for  this  short  but  highly  non-paraxial  beam, 
with  higher  order  normal  multipoles  being  relatively 
unimportant.  Finally,  beam  tracking  simulation  through  a 
lattice  of  focusing  elements  generated  by  multiple 
superposition  of  these  field  maps  was 
performed. 

QUADRUPOLE  G1 


0.1 

0.0 

-0.1 


-0.3  0.3 


PSEUDO  OCTUPOLE  G3 


-0.3  0.3 


B±(r,0,z)  =  Gx{z)r  cos(20)  +  G3(z)r3  cos(2<9)  + ... 

Fig.  3.  Dominant  Multipoles 


Fabrication 

The  magnet  was  fabricated  as  per  ref.  1,  with  the 
following  improvements: 

•  To  simplify  coil  fabrication,  a  simplified  coil 
design  featuring  a  novel  diagonal  leadout  was 
used.  The  diagonal  leadout  (from  the  inner  turn) 
approximates  a  “stairway”  of  “missing”  currents 
that  are  inherently  present  in  any  spiral  coil.  This 
allows  short  coils  with  few  turns  to  have  relatively 
high  field  symmetry.  A  concept  is  shown  below  in 


fig- 3. 
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Figure  3.  Diagonal  Coil  Leadout  Concept 


MAGNET  DESIGN,  FAB.,  &TEST 

Coil  Design 

The  magnet  design  concept  is  essentially  unchanged 
from  the  design  presented  at  PAC20011.  Subsequent 
changes  include  a  larger  bore  and  winding  radius,  plus  a 
simplified  coil  design.  Revised  design  and  operating 
parameters  are  shown  in  table  1  below: 


Table  1.  Revised  Magnet  Parameters 


Beam  Aperture  Radius,  Rb 

14.9 

cm 

Magnet  Winding  Radius,  Rw 

17.32 

cm 

Steel  Inner  Radius,  Rw 

18.33 

cm 

Steel  Outer  Radius,  Ro 

25.63 

cm 

Mag.,  Total  Lengths,  Lm,  Ln 

46,  50 

cm 

Magnet  to  magnet  spacing 

60 

Field  Gradient,  B’ 

2-5 

Maximum  Field,  B 

0.6 

Number  of  turns,  N 

8 

2D  Field  Coefficients,  B„ 
(Zn|A„|/2A,,n=6,10 . 26) 

7x10-“ 

4.65 

3.3-  8.2 

kA 

Magnet  Resistance,  R 

.036 

Q 

Magnet  Inductance,  L 

232 

m 

Pulse  length  (full  half  sine),  t 

2.2 

mS 

Magnet  Voltage,  max.,  V 

2.7 

kV 

Pulse  energy,  max.,  U 

7.8 

kJ 

Energy  loss/pulse,  max.,  Qt 

2.7 

kJ 

Max.,  Operating  Pulse  Rates 

0.5,  0.1 

Hz 

Temp.  Rise,  Max.,  steady  state 

25 

°C,  (0.5Hz  P.R) 

Fig.  4  Magnet  Fabrication 


•  A  lead  casting  section  was  added  to  provide  an  exit 
for  the  leads  that  was  readily  accessible  on  the 
exterior  of  the  core  for  repairablity.  This  section 
was  designed  to  flare  the  ground  surface  (provided 
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by  resistive  paint)  away  from  the  leads  where  they 
exit  the  casting  to  avoid  high  field  concentrations. 
This  enables  the  leads  to  be  kept  close  together  in 
the  coil  area  near  the  beam,  minimizing  field  errors 
from  them. 

Operation 

•  A  2  mF  pulser  capacitance  was  chosen  in  order  to 
increase  the  pulse  length,  reducing  voltage  and 
eddy  currents. 

Testing 

•  Six  quadrupoles  total  were  fabricated,  to  provide 
two  spares,  one  of  which  was  subjected  to  10,000 
full  current  pulses  for  testing  reliability.  All  other 
magnets  were  subjected  to  1,000  full  current  pulses 
for  acceptance  testing.  No  cooling,  other  than  free 
air  convection  is  necessary. 

•  Field  was  measured  with  a  system  of  12  high 
impedance  inductive  pickup  coils  mounted  to  a 
four  arm  “cross”,  with  three  three  orthogonal  coils 
mounted  on  each  arm  end.  Primary  goals  were  find 
the  magnetic  center  and  azimuthal  axes  for  each 
magnet,  though  gross  multipole  measurements 
were  possible.  The  coils  are  open  circuit  and 
induced  voltage  is  measured  and  integrated  over 
the  magnet  pulse.  Figure  5  shows  the  axial  field 
falloff  profile  compared  with  the  computed  model 
(peak  fields  normalized  for  comparison). 


BEAM  TUBE  EDDY  CURRENTS 

Both  2D  and  3D  transient  magnetic  modeling  was 
performed  to  determine  the  effect  of  eddy  currents  in 
surrounding  components  such  as  beam  tubes,  flanges, 
diagnostics,  electron  traps,  etc.  Per  ref.  1,  coil  and  core 
eddy  currents  were  calculated  to  be  insignificant.  The 
thin-walled  stainless  steel/fiberglass  composite  beam  tube 
specified  in  ref.  1  was  manufactured  by  an  outside  vendor, 
but  the  S.S.  liner  subsequently  delaminated  immediately 
after  cure.  The  vendor  used  air  pressure  to  hold  the  S.S. 
tube  round  while  filament  winding  over  it.  It  is  thought 
that  insufficient  care  was  taken  to  balance  the  tensile  hoop 
(and  possibly  longitudinal)  stresses  from  air  pressure 
against  hoop  compressive  stresses  generated  from 
winding,  to  avoid  residual  tensile  stresses  in  the  liner.  A 
0.134”  wall  thickness  standard  12”  dia.  S.S.  vacuum  tube 
was  used  instead.  Eddy  currents  were  calculated  by 


QUADRUPOLE  FIELD  (T/m) 
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Figure  5.  Calculated  vs.  Measured  Gradient 


transient  2-D  finite  element  analysis  and  found  to  be 
acceptable,  with  a  7.4%  loss  of  peak  field,  and  a  0.28  mS 
field  peak  time  lag  from  the  source  current  peak,  as  shown 
in  figures  6  and  7. 

The  close  magnet  spacing  precluded  the  use  of  core 
steel  overhang  on  the  coils.  Such  overhang,  normally  used 
to  clamp  off  end  fields,  would  act  to  couple  the 
quadrupoles  via  their  end  fields,  making  them  difficult  to 
adjust  and  increasing  eddy  currents  in  the  end  laminations 
and  plates.  Similarly,  vacuum  flanges  located  in  the  high 
field  regions  or  between  the  magnets  could  be  susceptible 
to  high  eddy  currents,  as  well. 


NTX  Quad  Beamtube  Eddy  Current  Transient  EM  F.E.  Analysis  (2D) 


time,  s 


Figure  6:  Beam  tube  Eddy  Currents  and  B  fields. 


Figure  7:  Peak  B  field  vs.  beam  tube  thickness  and  radius. 

REFERENCES 

[!]  A  Large  Bore  Pulsed  Ouadrupole  Magnet  for 
Transport  of  High  Current  Beams  at  Low  Energies. 
D.  Shuman,  et.  al.,  PAC2001,  pg.  2937 


2630 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


ANALYTICAL  STUDY  OF  ENVELOPE  MODES  FOR  A  FULLY 
DEPRESSED  BEAM  IN  SOLENOID AL  AND  QUADRUPOLE  PERIODIC 

TRANSPORT  CHANNELS 

Boris  Bukh,  Lawrence  Berkeley  National  Laboratory,  Berkeley,  CA  94720 
Steven  M.  Lund,  Lawrence  Livermore  National  Laboratory,  Livermore,  CA  94550 


Abstract 

We  present  an  analysis  of  envelope  perturbations  evolv¬ 
ing  in  the  limit  of  a  fully  space-charge  depressed  (zero 
emittance)  beam  in  periodic,  thin-lens  focusing  channels. 
Both  periodic  solenoidal  and  FODO  quadrupole  focusing 
channels  are  analyzed.  The  phase  advance  and  growth  rate 
of  normal  mode  perturbations  are  analytically  calculated 
as  a  function  of  the  undepressed  particle  phase  advance  to 
characterize  the  evolution  of  envelope  perturbations. 


for  solenoidal  focusing,  and 

2H"(S)  +  2kx(s)R-(s)  -  =  0, 

R+\s)  (2b) 

2  Rl(s)  +  2  kx(s)R+(s)  —  0 

for  quadrupole  focusing.  In  free  drift  regions  kx(s)  = 
Ky(s)  —  0,  and  the  equations  can  be  integrated  by  using 
constancy  of  envelope  Hamiltonian 

R+  (s)  -  In  R+(s)  =  const  (3) 

to  yield  [2] 


INTRODUCTION 

The  KV  envelope  equations  are  often  employed  to  model 
the  transverse  evolution  of  the  envelope  of  beam  particles 
in  intense  beam  transport  channels[l].  For  periodic  focus¬ 
ing  channels,  there  have  been  no  fully  analytical  studies 
of  perturbations  in  the  beam  envelope  evolving  about  the 
matched  beam  envelope.  Here  we  analytically  calculate 
properties  of  small-amplitude  elliptical  envelope  perturba¬ 
tions  in  the  limit  of  full  space-charge  depression  for  several 
periodic  thin-lens  transport  channels.  Because  the  thin-lens 
model  provides  a  reasonable  approximation  to  the  focusing 
effects  of  more  realistic  applied  focusing  elements,  results 
derived  provide  a  guide  to  the  properties  of  envelope  per¬ 
turbations  associated  with  space-charge-dominated  beams. 

ENVELOPE  MODEL 

The  KV  envelope  equations  for  a  fully  depresed  coast¬ 
ing  beam  with  elliptical  edge  radii  rx  =  2 y/{x2),ry  — 
2  V(y2)  aligned  along  the  transverse  x  and  y  axes  are  [2,  3] 


rj  (5)  +  kj  (s)rj  (s) 


rx(s)+ry(s) 


where  j  ranges  over  x  and  y,  Q  is  the  dimensionless  beam 
perveance,  and  s  is  the  axial  coordinate.  The  equations  (1) 
apply  directly  to  a  beam  in  a  quadrupole  focusing  channel 
with  kx  —  —Ky,  but  for  solenoidal  focusing  one  has  to 
assume  zero  beam  canonical  angular  momentum  with  kx  = 
Ky  and  interpret  all  results  in  a  rotating  Larmor  frame[2, 
App.  A].  The  equations  can  be  written  in  terms  of  scaled 
sum  and  difference  coordinates  R±  =  (rx  ±  ry) /{2y/2Q) 


2R"(s)+2k*(s)/4(s) 


xv  '  ^  '  R+(s) 

2R'L(s)  +  2kx(s)R4s)=0 


"This  research  was  performed  at  LBNL  and  LLNL  under  US  DOE  contact 
Nos.  DE-AC03-76SF0098  and  W-7405 -Eng-48. 
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=  Rl  (0)  -  jerfit-1)  erfi#+(0)  + 


R-(s)  =  J?_(0)  +  sR'JO), 


eR'i(°h  1) 
v^4(0)  J 

(4a) 

(4b) 


where  erfi(2)  =  erf  (iz)/i  is  the  imaginary  error  function. 

Without  loss  of  generality[2.  Sec.  HE],  we  assume  that 
the  length  of  the  free  drift  interval  between  the  two  adjacent 
thin  lenses  is  2  as  in  Fig.  1.  By  symmetry  we  need  only  to 
consider  the  envelope  evolution  of  the  beam  between  two 
neighboring  lenses  only.  We  take  the  first  lens  to  be  at  axial 
location  s  —  - 1  and  the  second  one  to  be  at  s  —  1.  We 
also  assume  that  in  alternating  gradient  channel  the  second 
lens  (at  s  =  1)  is  focusing  in  x .  Then  for  both  thin  lens 
solenoids  and  quadrupoles  we  take  near  5  =  1 

Kx(s)  =  I5(s  -  1),  (5) 


-1  0  1  2  3  5 

FIG.  1:  Matched  beam  envelopes  R±(s)  and  transport  lattice  for 
(a)  solenoid,  and  (b)  FODO  quadrupole  thin-lens  channels. 
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where  f  =  const  is  the  thin  lens  focal  length  and  8 (s)  is 
the  Dirac  delta-function.  The  focal  length  /  can  be  related 
to  the  undepressed  particle  phase  advance  over  one  lattice 
period  <r0  as  [2,  Sec.  II D] 


2  sin2  , 
sin 


solenoidal  focusing, 
quadrupole  focusing. 


(6) 


We  analyze  the  perturbations  of  the  envelope  coordinate 
vector  R(s)  =  (R+(s),  R'+(s),  C(s)J?_(s),  C(«)J*L(«)) 
from  the  mid-drift  at  s  =  0  to  the  next  mid-drift  at  s  =  2. 
Here,  £(s)  =  1  when  the  next  lens  to  be  traversed  is  focus¬ 
ing,  and  £(s)  =  -1  when  the  next  lens  is  defocusing. 


PERTURBATIVE  ANALYSIS 


To  analyze  the  first-order  perturbations  in  the  coordi¬ 
nate  vector  R (s)  we  compute  the  Jacobian  matrix  M(0, 2) 
where  M(si|s2)  =  9R(s2)/3R(si)  and  derivatives  are 
evaluated  for  a  matched  envelope.  Since  M(0|2)  is  sim- 
plectic,  then  the  first-order  perturbations  are  stable  if  and 
only  if  all  eigenvalues  of  M  lie  on  the  unit  circle  \z\  =  1. 

In  calculating  M(0|2),  we  henceforth  denote  J*(s±0)  == 
lim«5-^±o  f(s  + 8)  to  represent  the  discontinuous  action  of 
the  thin  lenses  on  the  beam  envelope  functions.  To  exploit 
lattice  symmetries,  we  split  the  interval  (0, 2)  into  three 
parts  (0, 1  -  0),  (1  -  0, 1  +  0)  and  (1  +  0, 2),  and  calculate 
M(0, 2)  as  M(0|2)  =  M(1  +  0|2)M(1  - 0|1 +0)M(0|1  - 
0).  By  symmetry,  M(1  +  0|2)  =  M(0|  -  1  +  0)"1.  Thus, 

M(0|2)  =  M,(-l  +  0)"1MaM/(l  -  0),  (7) 

where  Ms  =  M(1  -  0|1  +  0)  is  the  “singular  Jacobian” 
associated  with  the  thin  lens  focusing  kick,  and  M/(s)  = 
M(0|s)  for  |s|  <  1  is  the  “free  drift  Jacobian”  associated 
with  the  half-drift. 

To  evaluate  Ms,  we  consider  the  action  of  the  thin  lens 
according  to  Eqs.  (2)  and  (5).  We  obtain 
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for  solenoidal  and  quadrupole  channels  respectively. 

To  evaluate  M f(s),  the  free  expansion  solutions  in 
Eqs.  (4)  and  the  matched  beam  symmetry  condition 
«h(0)  =  0  are  employed  to  evaluate  Jacobian  elements: 


M f(s)  = 


— 1(0)"(3)  2^)Rf+{s)  0  o' 

~2*+(0)K+W  0  0 

0  0  1s 

0  0  0  1 


(9) 


To  complete  the  evaluation  of  M/(l  -  0),  we  find  rela¬ 
tions  of  the  elements  to  <to  by  deriving  equations  connect¬ 
ing  R+(l  -  0)  =  R+(l),  R’+{  1  -  0),  and  R+( 0)  to  these 
quantities  for  the  matched  beam  envelope.  By  symmetry, 
for  a  periodic,  matched  envelope 

i4(l-0)  =  -J4(l  +  0),  (10) 


For  solenoids,  Eqs.  (2a)  and  (5)  can  be  integrated  once 
about  $  =  1  to  obtain 


R'±(  l  +  0)  =  R'±(l-0)-jR±(l). 

Combining  these  constraints  with  the  matching  conditions 
(10),  we  get 

i4(l~0)  =  £R±(l).  (11) 

Similarly,  using  Eqs.  (2b)  and  (5)  for  alternating  gradient 
focusing  and  matched  beam  symmetries  (10),  we  obtain 

#±(l-°)  =  37^(1)-  (12) 


The  solenoidal  and  quadrupole  matching  conditions  in 
Eq.  (12)  for  can  be  expressed  as 


kR+(l)  =  2R+(1  -  0), 

where  fc  =  /  7  =  1  “  C0S<T°> 

[2/*  =  4(1  -cosctq), 


(13) 

solenoidal  focusing, 
quadrupole  focusing. 


Applying  Eqs.(3)  between  s  =  0ands  =  l-  0  with  the 
matched  beam  condition  R'+( 0)  =  0  leads  to 

R+{  1)  =  «+(0)eH'+(1-°).  (14) 

Using  Eqs.  (13)  and  (14)  in  Eq.  (4)  then  yields 

k  =  2vfor-R'+(1-°)i^(i  _  0)  erfi R'+(l  -  0).  (15) 
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FIG.  2:  Phase  advances  ( a± )  and  growth  factors  (7±)  for  the 
breathing  and  quadrupole  modes  for  a  thin-lens  solenoidal  focus¬ 
ing  channel  and  a  fully  depressed  beam.  Continuous  focusing 
model  predictions  for  a±  are  superimposed  (dashed  curves). 
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Equations  (13) — (15)  provide  the  needed  constraints  to 
relate  the  elements  of  My(l  -  0)  to  <r0.  Elements  of 
My  (—1+0)  can  be  calculated  from  these  constraints  using 
the  matched  beam  symmetries 

R+(- 1)  =  -R+(l),  J?V(-l+0)  =  -R'+{  1  -0).  (16) 


For  solenoidal  focusing  R±  are  uncoupled,  and 
M(0|2)  is  of  block  diagonal  form  with  M(0|2)  = 

[M+o°|2)  m_°0|2)]’  where  M±(0|2)  are  2  x  2  symplectic 
matrices  that  can  be  independently  analyzed  for  the  stabil¬ 
ity  of  perturbations.  We  compute  M±(0|2)  from  Eq.  (7): 


M+(0|2)  = 


2fl+(0)i4(-l  +  0) 

1  i?+(0) 

2*+(0)fl+(-l)  H+(- 1) 


coso-o- 4^(1 -0)  cos2m 


«+(0) 

_ 1 

2R+(0)R+(1) 


2R+(0)Rf+(l 

fi+(Q) 

R+(l) 


^[l-2fl?(l-0)] 


cos  (^)tl  -  c°s^°  +  4i??(l  -  0)  cos2(^)]  coscro  -  4cos2(^-)i?+(l  -0)J  ’ 

M  ^Q|2\  _  COS  (Jo  1  + COS  (Jo 

1  '  —1  — COS  (Jo  COS  (Jo 


1  +  COS  (Jo 


Eigenvalues  X±  of  the  matrices  M±(0|2)  are 

A+  =  cos (70  -  4JR+(l-0)  cos2(^)  ±  2ico£(^-), 

•  yj  [l-2^(l-0)]  [sin2(f  )+2fl?(l-0)  cos2(f )] 
A_  =  cos  (Jo  ±  i  sin  cro- 

(18) 

Real- valued  mode  phase  advances  er±  and  growth  factors 
7±  per  lattice  period  satisfy  A±  =  y±eia±.  With  proper 
branch  selection[2]  we  get 

cr+  =  arg  A+  with  +  sign  in  Eq.  (18), 

a-  =  £T0,  ^ 

and  growth  factors  as 


aByQ  -  2  arg  A  and  7B)q  =  |A2|  (see  Fig.  3).  Using  Eqs. 
(15)  and  Eq.  (20)  we  find  numerically  that  the  instability 
band  is  located  on  the  interval  cr0  G  (121.055°,  180°). 
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unstable 


7-  =  1. 


These  solutions  are  plotted  in  Fig.  2  as  a  function  of  ao. 
The  extent  of  the  band  of  instability  (7+  ^  1)  in  a0  can  be 
calculated  from  7+  directly  as 


(JoG  arccos  1  — 


2?r  1 

—  erfi  —= 
e  y/2 


[116.715°,  180°] 


The  stability  of  quadrupole  focusing  can  be  investigated 
analogously  except  that  we  must  work  with  the  full  4  x  4  Ja¬ 
cobian  matrix  M(0|2).  After  multiplying  out  the  matrices 
in  Eq.  (7)  and  calculating  the  eigenvalues  using  the  con¬ 
straints  in  Eqs.  (12)— (15)  yields 

A  =  w  -  \k  ±  [1  - 1 ft]  \k  +  8J?^(l-0)] ,  (20) 
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where  w  =  ±yj[l  -  ffc]  [l  -  \k  -  8R^(1  -0)]  and  k  is 
given  by  Eq.  (13).  These  eigenvalues  can  be  employed 
to  calculate  phase  advances  (crB  and  <rQ)  and  growth  fac¬ 
tors  (7b  and  7Q)  of  the  breathing  and  quadrupole  modes  as 


FIG.  3:  Phase  advance  (oQ  and  crB)  and  growth  factors  (7 Q 
and  7b)  for  the  breathing  and  quadrupole  modes  for  a  thin- 
lens  FODO  quadrupole  focusing  channel  and  a  fully  depressed 
beam.Continuous  focusing  model  predictions  for  a±  are  super¬ 
imposed  (dashed  curves). 
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INFLUENCE  OF  CONDUCTING  PLATE  BOUNDARY  CONDITIONS 
ON  THE  RMS  ENVELOPE  EQUATIONS  DESCRIBING  INTENSE 

ION  BEAM  TRANSPORT* 

Steven  M.  Lund,  Lawrence  Livermore  National  Laboratory,  Livermore,  CA  94550 
Boris  Bukh,  Lawrence  Berkeley  National  Laboratory,  Berkeley,  CA  94720 


Abstract 

In  typical  diagnostic  applications,  intense  ion  beams  are 
intercepted  by  a  conducting  plate  with  slits  to  measure 
beam  phase-space  projections.  This  results  in  the  trans¬ 
verse  space-charge  field  near  the  plate  being  shorted  out, 
rendering  simple  envelope  models  with  constant  space- 
charge  strength  inaccurate.  Here  we  develop  a  simple  cor¬ 
rected  envelope  model  based  on  analytical  calculations  to 
account  for  this  effect  on  the  space-charge  term  of  the  enve¬ 
lope  equations,  enabling  more  accurate  comparisons  with 
experiment.  Results  are  verified  with  3D  self-consistent 
PIC  simulations. 


subject  to  (j>  =  const  on  conducting  boundaries.  An  analo¬ 
gous  equation  applies  to  the  y-orbit  y(s). 

Denote  a  transverse  statistical  average  in  a  axial  slice  of 
beam  particles  by  (•  •  *  )j_.  RMS  measures  of  the  transverse 
edge  radii  of  the  beam  envelope  are 

rx(s)  =  2a/{x2)x  and  ry(s)  =  2yV)±.  (2) 

Differentiating  the  equation  for  rx  and  employing  Eq.  (1) 
yields  the  envelope  equation 


+  Kxrx--^—Fx-^=0. 

rx+ry  r-3 


INTRODUCTION 

Low-order  models  of  intense  ion  beams  often  employ 
the  rms  envelope  equations  to  describe  the  self-consistent 
evolution  of  the  beam  edge  in  response  to  applied  focus¬ 
ing,  space-charge,  and  thermal  defocusing  forces. 1  Such 
envelope  models  are  typically  solved  with  constant  beam 
emittances  (phase-space  area)  and  perveance  (space-charge 
strength)  to  extrapolate  experimental  measurements  and 
understand  the  evolution  of  the  beam  envelope  away  from 
diagnostic  stations.  Developing  a  simple  model  to  compen¬ 
sate  for  changes  in  the  envelope  induced  by  plates  used  in 
diagnostics  is  important  to  enable  more  precise  estimates  of 
the  beam  envelope  without  the  need  for  large  simulations. 
Elimination  of  systematic  errors  in  this  process  improves 
beam  envelope  control  and  matching  —  important  to  limit 
the  generation  of  beam  halo  and  related  particle  losses. 

ENVELOPE  MODEL 


Here,  Q  =  q\/ (27re0mc27fc/?2)  =  const  is  the  dimension¬ 
less  perveance  (A  =  const  is  the  line-charge  density  of  the 
beam  slice). 


is  a  form-factor,  and 

£x  =  4  {{x2)x  (x,2)x  -  {xx')l} 1/2  (5) 

is  the  rms  emittance.  Analogous  equations  to  (3)-(5)  ap¬ 
ply  in  y.  For  the  special  case  of  2D  (< d/dz  =  0)  transverse 
self-fields  with  constant  charge  density  on  nested  ellipti¬ 
cal  surfaces  with  principal  axis  radii  arx  and  ary  aligned 
with  the  x-  and  ^/-coordinate  axes,  Sacherer 2 showed  that 
Fx  =  Fy  =  1.  The  Vlasov  model  self-consistent  KV  dis¬ 
tribution  satisfies  this  condition  for  a  uniform  density  ellip¬ 
tical  beam  with  ex  —  const  and  ey  ~  const.  The  envelope 
equations  (3)  are  also  often  applied  with  Fx  =  Fy  =  1  in 
an  rms  equivalent  beam  sense. 1,2 


Consider  a  long-pulse,  unbunched  beam  with  particles 
of  charge  q  and  mass  m  moving  with  axial  velocity  f3bc 
and  relativistic  factor  75  =  1/0- /3g.  We  take  the  trans¬ 
verse  orbit  x(s)  of  a  beam  particle  to  satisfy  the  paraxial 
(axial  energy  variation  of  particles  neglected)  equation  of 
motion1 


x"  +  KxX  + 


_ 1 _ = 

m7^2c2  Qx 


(1) 


SELF-FIELD  SOLUTION 

We  model  a  beam  near  a  conducting  plate  as  impinging 
on  a  perfectly  conducting  plane  at  z  =  0  in  free-space  from 
z  <  0.  Then  the  method  of  images  can  be  used  to  solve  for 
(j>  in  the  beam  region  with  2  <  0  as 


*(x)  =  -i-  f  d3x  U® _ 

^OJbeam  LIX“X|  |x-X/|J’ 


(6) 


Here,  s  is  the  axial  coordinate  of  a  beam  slice,  kx(s)  is 
the  linear  applied  focusing  functions  of  the  lattice,  and  the 
electrostatic  potential  (p  is  related  to  the  density  of  beam 
particles  n  by  the  3D  Poisson  equation  V2<p  =  -qn/e0 

*This  research  was  performed  at  LLNL  and  LBNL  under  US  DOE  contact 
Nos.  W-7405-Eng-48  and  DE-AC03-76SF0098. 


where  x  —  xx.  +  yy  +  zz  and  x/  =  xx  +  yy  —  zz  are 
the  direct  and  image  coordinates,  and  we  have  dropped  an 
arbitrary  additive  constant.  We  further  idealize  by  assum¬ 
ing  that  the  beam  is  normally  incident  with  uniform  density 
and  a  constant,  round  edge-radius  (rx  =  ry  =  R  —  const). 
Then  the  beam  density  is 

n(r>  z)  =  ^ e(i?  ~ 
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where  0(z)  is  the  Heaviside  step-function  [0(x)  =  0  for 
x  <  0  and  0(z)  =  1  for  x  >  0].  In  (r,0,z)  cylindrical 
coordinates,  1/  |x  —  x|  can  be  expanded  as3 


oo 

xL 


Jmikf'  )</m(&r  )e 


Z\0k(z>~z<) 


where  2>  and  z<  denote  the  greater  and  lesser  of  z  and  5, 
and  Jm(x)  is  an  mth-order  ordinary  Bessel  function.  Using 
this  expansion  and  Eq.  (7)  in  Eq.  (6)  gives  in  the  beam 


<t>(r ,  z) 


x  r°°dw  / 

7T60  J0  W2  \ 


e~wWR)  Jo  (t»£)  Ji(w), 


and  the  corresponding  radial  and  axial  electric  field  com¬ 
ponents  Er  —  -d(j>/dr  and  Ez - d(j)/dz  are 


Er(r,z)  =■ 


f°°dw  / 

Jo  w  ' 


-w\z\/R 


)  *  HI) 


These  field  components  are  plotted  in  Fig.  1.  Note  that 
the  radial  field  remains  nearly  linear  within  the  beam  (r  < 
R)  until  2  is  a  fraction  of  a  beam  radius  from  the  plate. 
The  axial  field  increases  near  the  plate  because  the  negative 
image  beam  is  closer. 


CORRECTED  AXISYMMETRIC 
ENVELOPE  EQUATION 

We  apply  the  self-field  solution  above  to  motivate  a  sim¬ 
ple,  corrected  envelope  equation  for  an  axisymmetric  beam 
with  a  normally  incident  centroid  impinging  on  a  conduct¬ 
ing  plate  from  2  <  0.  We  take  kx(s)  =  Ky(s)  =  k(s ), 
ex  —  ey  =  6,  and  rx(s)  =  ry(s)  =  R(s).  The  form- 
factors  (4)  are  calculated  from  Eq.  (8)  as 


where, 

roo  j 

F(0  =  ^  -2  (1  -  e_u,c)  Ji (w)J2(w).  (11) 

Jo  w 

We  apply  this  form-factor  to  a  beam  with  evolving  radius 
r*x(s)  =  ry(s)  =  R(s)  to  obtain  a  corrected  axisymmetric 
beam  envelope  equation 


Radial  Coordinate,  HR 


A  nidi  Coordinate,  Ijl/fi 


FIG.  1:  Self-field  components  near  a  conducting  plate. 

Equations  (8)  are  checked  by  calculating  the  limits 
J” 0Er(r, z)  =  ^  J1  (wi)  Ji(w) 

_  A  (  Ri  ®  —  Ti  ^ 

27T€o  R  \  l  1  <r  r 

t r/R ’  1  —  .ft5 

=  (9) 

The  radial  field  limit  is  the  usual  expression  for  a  uniform 
density  beam  of  radius  R.  The  axial  field  limit  shows  that 
4>{r  —  0 ,z)  logarithmically  diverges  in  \z\.  This  diver¬ 
gence  is  related  to  the  2D  nature  of  the  problem  and  shows 
that  this  model  is  inadequate  for  direct  use  in  estimates  of 
axial  acceleration  induced  by  the  plate.  Regularization  of 
this  divergence  to  model  image  induced  self-field  accelera¬ 
tions  can  be  carried  out  by  adding  a  grounded,  cylindrical 
pipe  to  cutoff  the  self-field  interaction  range  (as  would  be 
present  in  the  laboratory). 


Here,  \s  -  sp\  is  the  axial  distance  of  the  beam  slice  from 
the  conducting  plate. 

An  approximate  analytical  expression  for  the  form- 
factor  (11)  can  be  calculated  using  the  on-axis  field  Ez(r  = 
0,  z)  in  Eq.  (9)  and  the  Poisson  equation  to  derive  a  power 
series  solution  for  Er  valid  within  the  beam.  Truncating 
this  series  to  radial  terms  of  order  r3  and  lower  yields 

F(o  -=L=  [i+- — (1 — iL_)l  (i3) 

v/TTcH  4i  +  c2V  i  +  CVj't) 

The  “exact”  [Eq.  (11)]  and  approximate  [Eq.  (13)]  form- 
factors  are  plotted  versus  £  in  Fig.  2.  For  large  £  note 
that  F  ~  1  and  we  obtain  the  usual  envelope  equations, 
whereas  F  rapidly  decreases  to  zero  for  £  corresponding  to 
several  beam  radii  from  the  plate  where  the  radial  self-field 
is  shorted  out  by  the  conducting  plate,  thereby  decreasing 
the  strength  of  the  perveance  term  in  the  envelope  equation. 


C„  Scaled  Axial  Distance  From  Plate 


FIG.  2:  Form  factor  and  approximate  form  factor. 

A  numerical  solution  to  the  corrected  envelope  equa¬ 
tion  (12)  is  plotted  in  Fig.  3  together  with  the  uncorrected 
solution  for  F  =  1.  Parameters  correspond  to  typical  di¬ 
agnostic  situations  in  the  High  Current  Experiment  (HCX) 
for  Heavy-Ion  Fusion  (HIF),4where  a  1-1.8  MeV,  200-700 
mA,  K+  ion-beam  with  ex  ~  ey  ~  50-100  mm-mrad  is 
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Perveance 

Emittance 

Initial  conditions 

Final  Conditions  ( R 

in  mm,  R!  in  mrad) 

Q 

€ 

R(  o) 

R'(  o) 

F 

=  1 

F  =  F(\s 

-hMR) 

3D  PIC  Simulation 

(mm-mrad) 

(cm) 

(mrad) 

R(sp) 

R  ( sp ) 

R(sp) 

R'(sp) 

R(sp) 

R'(sp) 

1 

O 

T— 1 

00 

100. 

1. 

0. 

1.0220 

6.2444 

1.0211 

5.5765 

1.0223 

5.5508 

8.  *  10"4 

100. 

1. 

20. 

1.1608 

25.7757 

1.1600 

25.1224 

1.1616 

25.1150 

8.  •  10"4 

100. 

1. 

40. 

1.2998 

45.3919 

1.2990 

44.7511 

1.3012 

44.7790 

8.  •  icr4 

100. 

1. 

-20. 

0.8833 

-13.1644 

0.8825 

-13.8492 

0.8836  - 

-13.8960 

8.  •  1CT4 

100. 

1. 

-40. 

0.7450 

-32.3841 

0.7442 

-33.0866 

0.7448  - 

-33.1350 

10.  •  10-4 

50. 

1. 

0. 

1.0250 

7.1132 

1.0212 

5.5765 

1.0178 

5.2704 

p 

O 

1 

£ 

50. 

1. 

20. 

1.1639 

26.6470 

1.1600 

25.1224 

1.1567 

24.8105 

10.  •  10~4 

50. 

1. 

-20. 

0.8863 

-12.3204 

0.8825 

-13.8492 

0.8791  - 

-14.1640 

TABLE  I:  Initial  and  final  envelope  radii  and  angles  for  uncorrected  and  corrected  envelope  models  and  self-consistent  PIC  simulations. 


focused  in  a  FODO  quadrupole  lattice  with  period  60  cm 
and  an  undepressed  particle  phase  advance  of  a0  =  60°- 
90°.  Free-drifts  to  diagnostic  stations  are  ~  7  cm,  av¬ 
erage  matched  beam  radii  are  ~  1  cm,  and  maximum 
matched  beam  envelope  angles  are  ~  50  mrad.  Final  val¬ 
ues  of  envelope  solutions  for  a  range  of  HCX-like  param¬ 
eters  are  contrasted  in  Table  I  for  form-factors  F  —  1  and 
F(\s  ~  spI  /^)*  The  most  significant  correction  for  these 
parameters  is  in  the  envelope  angle  at  the  plate  R  f(sp)  with 
typical  experimentally  resolvable  errors  ~  1  mrad  occur¬ 
ring.  Envelope  coordinate  errors  R($p)  are  not  resolvable. 


FIG.  3:  Envelope  for  a  drift  solution  into  a  plate. 


ligible  rms  emittance  growth  1%  and  less)  and  verified 
that  the  nonlinear  space-charge  fields  within  a  fraction  of 
a  beam  radius  of  the  plate  have  insufficient  time  to  cause 
deviations  from  the  simple  envelope  model. 

CONCLUSIONS 

Generalized  transverse  envelope  equations  were  derived 
to  improve  modeling  of  intense  ion-beams  impinging  at 
normal  incidence  on  a  conducting  plate.  These  equations 
were  analyzed  in  an  axisymmetric  limit  using  an  analytical 
solution  form-factor  to  account  for  the  plate  shorting-out 
the  space-charge  field  near  the  plate.  Model  results  com¬ 
pared  well  with  self-consistent  3D  PIC  simulations.  Con¬ 
trasting  results  with  standard  (fixed  perveance  term)  enve¬ 
lope  equations  for  usual  parameters  shows  that  small,  but 
significant  angle  errors  result  if  this  effect  is  not  corrected. 
Comparisons  of  experimental  results  to  envelope  models 
were  improved  by  incorporating  this  systematic  effect  in 
the  analysis  of  the  HCX  experiment.  In  this  work,  we 
employed  heuristic  form-factors  to  model  the  experimen¬ 
tal  beam  with  elliptical  cross-section: 


PIC  SIMULATIONS 

Self-consistent  3D  electrostatic  PIC  simulations  were 
carried  out  to  check  the  corrected  envelope  model  predic¬ 
tions  presented  above  for  deviations  due  to:  self-field  non- 
linearities,  emittance  growth,  variation  in  the  beam  enve¬ 
lope  near  the  plate  [R(s)  ^  const  in  beam  self-fields],  en¬ 
ergy  deviations  due  to  the  beam  seeing  it’s  image  in  the 
plate,  and  elliptical  beam  effects  due  to  rx  ^  ry  (simulated 
but  not  presented  in  this  article).  The  WARP  code  devel¬ 
oped  by  LLNL  for  simulation  of  intense  beams  for  HIF 
applications  was  employed.  This  code  is  modular  with  an 
extensive  hierarchy  of  models. 5  We  carried  out  simulations 
with:  a  10  cm  radial  beam  pipe  with  <j>  —  0,  boundary  con¬ 
ditions  on  the  left  and  right  axial  bounds  with  Ez  =  0  (at 
injection)  and  <j>  =  0  (at  plate),  and  steady-state  mid-pulse 
solutions  iterated  from  uniform,  semi-Gaussian  beam  in¬ 
jection  conditions  on  the  left  axial  boundary.  Results  of 
these  simulations  are  included  in  Table  I  and  agree  well 
with  corrected  envelope  model  results  for  typical  ranges  of 
Q  in  the  HCX  experiment.4  The  simulations  showed  neg¬ 


\S-Sj 


\A  x(s)ry(s) 


(14) 


Simulations  verify  that  this  replacement  recovers  most  of 
the  correction  for  elliptical  beams  without  extreme  elliptic- 
ity  (rx/ry  ~  3  and  less)  and  in  continuing  studies  we  are 
developing  improved  approximations. 


ACKNOWLEDGMENTS 

The  authors  wish  to  thank  Edward  Lee  and  John  Barnard  for 
useful  discussions  and  Dave  Grote  and  Jean-Luc  Vay  for  help  with 
the  WARP  simulations. 

REFERENCES 

1.  M.  Reiser,  Theory  and  Design  of  Charged  Particle  Beams,  (Wi¬ 
ley,  1994). 


2.  F.J.  Sacherer,  IEEE  Trans.  Nuc.  Sci.  14,  1 105  (1971). 

3.  J.D.  Jackson,  Classical  Electrodynamics,  (Wiley,  1975). 

4.  P.A.  Seidl  et  al.,  paper  ROAC001,  PAC  03. 

5.  D.P.  Grote,  et  al,  Nuc.  Instr.  Meth.  A  415, 428  (1998). 


2636 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


REALISTIC  MODELING  OF  CHAMBER  TRANSPORT 
FOR  HEAVY-ION  FUSION* 

W.  M.  Sharp,  D.  P.  Grote,  D.  A.  Callahan,  M.  Tabak,  LLNL,  Livermore,  CA  94550,  USA 
E.  Henestroza,  S.  S.  Yu,  LBNL,  Berkeley,  CA  94720,  USA 
P.  F.  Peterson,  U  C  Berkeley,  Berkeley,  CA  94720,  USA 


D.  R.  Welch,  D.  V.  Rose,  Mission  Research 
Abstract 

Transport  of  intense  heavy-ion  beams  to  an  inertial- 
fusion  target  after  final  focus  is  simulated  here  using  a 
realistic  computer  model.  It  is  found  that  passing  the  beam 
through  a  rarefied  plasma  layer  before  it  enters  the  fusion 
chamber  can  largely  neutralize  the  beam  space  charge  and 
lead  to  a  usable  focal  spot  for  a  range  of  ion  species  and 
input  conditions. 

INTRODUCTION 

To  achieve  high  gain,  indirect-drive  targets  for  heavy- 
ion  fusion  must  be  driven  by  a  tailored  input-energy 
profile^  1]  This  profile  is  designed  to  launch  a  series  of 
four  shocks  through  the  capsule  that  compress  and 
accelerate  the  fuel  on  a  low  adiabat.  The  pulse  shape 
typically  consists  of  a  long  (~  25  ns),  low-power  “foot” 
that  heats  the  hohlraum  interior  to  about  100  eV  and 
launches  the  first  shock.  The  power  is  then  ramped  to  the 
peak  value  and  held  for  about  8  ns  as  the  subsequent  three 
shocks  are  launched.  The  hohlraum  geometry  and  the 
required  temperature  history  of  the  capsule  determine  the 
ion-beam  current  profile.  In  addition,  distributed-radiator 
targets  [2,3]  require  different  ion  kinetic  energies  in  the 
foot  and  main  pulses  to  compensate  for  ion  range 
shortening  as  the  hohlraum  is  heated,  and  the  beam  energy 
must  be  deposited  in  an  annular  region  on  each  end  of  the 
5-mm-radius  cylindrical  target  to  produce  the  necessary 
radiation  symmetry  inside  the  hohlraum.  These  target 
requirements  put  tight  constraints  on  the  number,  current, 
and  focal  radius  of  the  drive  beams. 

A  point  design  meeting  these  constraints  has  recently 
been  worked  out  [4].  In  this  paper,  we  use  the 
electromagnetic  particle-in-cell  code  LSP  [5,6]  to 
investigate  the  chamber  transport  of  the  foot  and  main- 
pulse  beams  of  this  design.  The  single-beam  simulations 
here  include  beam  neutralization  by  plasma  injected  into 
the  chamber-entry  beam  line,  collisional  ionization  of  the 
beam  and  background  gas,  and  photoionization  by  X  rays 
from  the  heated  target.  The  results  both  demonstrate  the 
viability  of  the  point  design  and  explore  the  effects  of  the 
initial  emittance  and  convergence  angle  of  the  beam,  the 
choice  of  ion  species,  and  the  spatial  profile  of  the 
neutralizing  plasma. 


*  This  work  was  performed  under  the  auspices  of  the  U.  S.  Department 
of  Energy  by  University  of  California  Lawrence  Livermore  National 
Laboratory  and  Lawrence  Berkeley  National  Laboratory  under  contracts 
W-7405-ENG-48  and  DE-AC03-76SF00098. 


Corporation,  Albuquerque,  NM  87110,  USA 
RESULTS 

Parameters 

The  power  profile  required  by  the  point-design  target  is 
built  up  using  beams  with  different  durations,  currents, 
energies,  and  arrival  times,  as  sketched  in  Fig.  1.  A  total  of 
120  beams  is  specified,  divided  into  five  classes.  The 
lower-energy  foot  is  built  up  by  stacking  three  types  of 
beam,  and  the  main  pulse  is  formed  from  two  more  types. 
The  large  number  is  needed  both  to  keep  the  current  in 
each  beam  manageable  and  to  give  each  type  of  beam 
adequate  azimuthal  symmetry  when  deposited  in  the 
annuli  on  the  target  ends. 

The  point  design  specifies  beams  of  singly  charged 
bismuth  ions  (209  amu).  However,  the  simulations  here 
also  model  beams  of  xenon  (131  amu)  to  test  the 
sensitivity  of  the  beam  focal  radius  to  ion  mass.  Since 
target  stopping  power  is  principally  a  function  of  ion 
velocity,  the  energy  of  ions  is  roughly  proportional  to 
atomic  mass  M,  and  beam  current  increases  inversely  with 
M.  The  beam  perveance,  which  is  a  measure  of  the 
importance  of  space  charge  in  transverse  dynamics, 
increases  like  M2.  To  have  the  required  stopping  power, 
bismuth  main-pulse  ions  require  an  energy  of  4  GeV, 
while  xenon  ions  must  have  2.5  GeV.  Foot  pulse  energies 
are  25%  lower.  Due  to  their  higher  power,  the  initial  foot 
pulses  and  the  final  48  main  pulses  are  the  most 
challenging  to  focus,  so  the  beam  parameters  used  here 
match  those  two  types.  These  main-pulse  beam  currents 


time  (ns) 

Figure  1:  Power  deposited  on  the  fusion  target  by  120  ion 
beams.  Numbers  in  parentheses  give  the  number  of  beams 
of  each  type. 
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are  2  kA  for  bismuth  and  3.2  kA  for  xenon,  and  the 
corresponding  foot-pulse  currents  are  1.5  kA  and  2.4  kA. 
In  all  cases  here,  beam  current  falls  off  in  the  3-ns  beam 
ends  like  a  normal  ogive,  and  the  radius  drops  from  its 
mid-pulse  value  to  2  cm  with  a  similar  S-shaped  pattern. 

As  discussed  elsewhere  [7]  in  more  detail,  each  beam  is 
focused  on  a  target  location  six  meters  from  the  last  final- 
focus  magnet.  A  beam  first  passes  through  a  conical  3-m 
pipe  lined  with  a  molten-salt  vortex  to  protect  the  surface. 
This  molten-salt  layer  is  modeled  as  an  insulator  with  a 
surface  conductivity  of  220  S/m.  The  beam  then  enters  the 
3-m  radius  fusion  chamber,  filled  with  BeF2  and  LiF  vapor 
from  the  molten  salt  jets  used  to  protect  the  chamber 
walls.  This  background  gas  has  a  vapor  pressure  of  7  x 
1012  cm'3. 

Distributed-radiator  targets  require  that  at  least  90%  of 
the  beam  energy  be  deposited  in  an  annulus  on  each  end  of 
the  hohlraum.  For  the  specific  target  used  in  the  point 
design,  the  main  pulse  must  hit  an  annulus  with  a  half¬ 
width  of  1.8  mm,  and  the  annulus  for  foot  pulses  has  a  2.2- 
mm  half-width.  Therefore,  a  good  criterion  for  evaluating 
the  simulations  is  the  fraction  of  energy  deposited  in  a 
band  with  a  half-width  equal  to  that  of  the  target  annulus. 
This  measure  ignores  the  curvature  of  the  annulus  but  is 
still  a  useful  approximation. 

Effects  of  Plasma  Parameters 

Plasma  neutralization  after  final  focus  is  essential  for  all 
the  cases  discussed  here.  The  maximum  perveance  of 
main  pulses  is  7  x  10'5  for  bismuth  and  1.7  x  10*4  for 
xenon,  and  that  of  foot  pulses  is  2.5  times  higher.  Analytic 
work  by  Olson  [8]  indicates  that  the  upper  perveance  limit 
for  ballistic  transport  is  about  1.6  x  10"5,  so  the  number  of 
beams  would  have  to  be  increased  roughly  ten-fold  to 
meet  this  condition.  Instead,  as  in  Ref.  7,  we  use  a  rarefied 
plasma  in  the  beam  entry  pipe  to  neutralize  each  beam 
before  it  enters  the  chamber.  Placing  a  10-cm  thick  layer 
of  plasma  with  a  density  of  3  x  1011  cm'3  near  each  end  of 
the  3-m  entry  pipe  increases  beam  neutralization  from 
about  30%  near  the  target  to  more  than  95%  and  decreases 
the  rms  radius  of  the  beam  focal-spot  from  about  2.5  cm  to 
less  than  2  mm. 

While  a  neutralizing  plasma  upstream  makes  a  dramatic 
improvement  in  beam  focus,  we  find  that  increasing  the 
plasma  density  has  little  effect,  so  long  as  there  are 
sufficient  plasma  electrons  in  the  volume  swept  out  by  the 
beam  to  fully  neutralize  the  beam  space  charge.  The  3  x 
10  cm'3  plasma  density  used  here  is  about  a  factor  often 
higher  than  this  minimum,  but  a  significant  change  in  the 
beam  focal  radius  is  only  seen  when  the  plasma  density  is 
lower  than  about  1010  cm*3. 

Although  the  beam  focal  spot  is  not  sensitive  to  the 
plasma  density,  the  axial  density  profile  of  the  plasma 
layers  is  found  to  have  a  pronounced  effect,  particularly 
that  of  the  first  layer  encountered  by  the  beam.  When  the 
plasma  density  drops  abruptly  to  zero  at  the  plasma  edge, 
only  about  85%  of  the  energy  of  a  bismuth  main  pulse 
falls  within  the  requisite  1.8-mm  half-width  band,  but  this 
fraction  increases  to  92%  when  the  density  falls 


parabolically  over  3-cm  and  to  97%  for  a  6-cm  parabolic 
or  normal-ogive  edge.  An  examination  of  these  cases 
shows  that  a  current  of  backstreaming  electrons  nearly 
equalling  the  beam  current  develops  as  the  unneutralized 
beam  approaches  the  square-profile  plasma.  This  current 
flows  near  the  beam  axis,  and  the  resulting  nonlinear 
space-charge  field  within  the  beam  causes  a  substantial 
emittance  increase.  Both  the  electron  current  and  the 
emittance  increase  are  less  for  the  other  plasma  profiles. 
For  example,  we  see  only  a  10%  emittance  increase  in  the 
entry  pipe  for  the  ogive  profile,  compared  with  nearly  a 
doubling  for  a  square  plasma  edge.  For  the  remaining 
cases  here,  we  use  the  more  realistic  ogival  profile. 

We  have  also  studied  the  sensitivity  of  the  beam  focal 
spot  to  the  length  plasma.  Specifically,  we  have  compared 
placing  a  plasma  layer  near  each  end  of  the  entry  pipe 
against  backfilling  the  entire  entry  pipe  with  plasma.  In 
each  case,  a  6-cm  ogival  plasma  boundary  is  used  on  each 
plasma  edge,  and  the  same  3  x  10H  cm'3  interior  density  is 
specified.  For  both  bismuth  and  xenom  main  pulses,  a 
plasma  backfill  increases  the  energy  deposited  on  the 
target  annulus  by  about  3%.  Nonetheless,  we  use  the 
layout  with  two  plasma  layers  for  other  cases  here  because 
it  poses  fewer  engineering  problems. 

Effect  of  Initial  Emittance 

The  robust  point  design  specifies  an  initial  normalized 
edge  emittance  of  about  2  mm-mrad,  allowing  less  than  a 
factor  of  five  growth  from  source  to  target.  Simulations 
show  a  marked  degradation  in  the  beam  focal  spot  when 
this  stringent  condition  is  not  met.  When  the  initial 
emittance  of  a  xenon  main  pulse  is  doubled,  for  example, 
the  energy  deposited  in  a  1.8-mm  half-width  band  drops 
from  96%  to  90%,  and  this  fraction  drops  to  about  85% 
when  the  emittance  is  tripled.  Bismuth  beams  a  somewhat 
less  sensitive  to  emittance  change,  but  a  tripling  of  the 
nominal  value  still  leads  to  an  unusable  focal  spot.  Since 
the  emittance  grows  only  about  20%  in  the  chamber  when 
a  realistic  plasma  density  profile  is  used,  emittance  growth 
in  the  accelerator  is  tightly  constrained. 

Effect  of  Convergence  Angle 

A  smaller  beam  convergence  angle  is  preferable  for 
several  reasons.  The  unshielded  solid  angle  around  the 
target  through  with  neutrons,  gamma  rays,  and  debris  can 
escape  is  proportional  to  the  square  of  the  beam  radius,  so 
reducing  the  convergence  angle  simplifies  shielding.  A 
second  benefit  is  that  the  beam  bundle  converging  on  each 
end  of  the  hohlraum  can  have  a  smaller  cone  angle, 
allowing  the  use  of  higher-gain  targets  as  well  as  smaller 
and  less  costly  final-focus  magnets. 

The  robust  point  design  specifies  a  maximum 
convergence  angle  of  10-mrad,  corresponding  to  a  6-cm 
radius  after  final  focus,  six  meters  from  the  target.  LSP 
simulations  of  both  bismuth  and  xenon  show  less  than  a 
5%  drop  in  the  energy  deposited  within  the  target  annulus 
when  a  7.5-mrad  convergence  angle  is  used.  This  change 
is  substantially  less  than  the  25%  predicted  from  a  simple 
ballistic-transport  model,  indicating  that  residual  space 
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Figure  2:  Fraction  of  beam  energy  deposited  within  a  band  of  a  specified  half-width  for  (a)  xenon  and  (b)  bismuth  main 
and  foot  pulses.  Half-widths  of  the  corresponding  target  annuli  are  shown  as  dashed  lines. 


charge  still  plays  a  role  in  transverse  dynamics.  Due  to  this 
insensitivity  to  convergence  angle,  an  optimized  design 
would  likely  use  a  smaller  value,  although  the  other 
simulations  here  use  10-mrad. 

Effects  of  Ion  Species 

The  choice  of  beam  ion  species  has  a  major  impact  on 
the  cost  of  a  driver.  Since  the  required  energy  of  beam 
ions  is  proportional  to  their  atomic  mass,  and  the  cost  of 
induction  accelerators  increases  proportionally  with  the 
beam  energy,  power-plant  studies  favor  a  low  ion  mass. 

Energy  deposition  for  main  and  pulses  of  bismuth  and 
xenon  are  compared  in  Fig.  2.  While  bismuth  has  better 
focus  near  the  center  of  the  pulse  and  is  therefore  more 
robust,  as  expected,  both  species  satisfy  the  criterion  that 
at  least  90%  of  beam  energy  fall  within  the  appropriate 
target  annuli.  The  main  pulse  fractions  are  96%  for 
bismuth  and  93%  for  xenon.  Due  to  the  absence  of  a 
photoionized  plasma,  the  foot  pulses  have  poorer 
neutralization  near  the  target,  a  larger  halo,  and  lower 
fractional  deposition.  However,  the  deposition  fractions 
are  only  about  1%  less  than  the  corresponding  main-pulse 
values,  due  to  the  wider  target  annulus. 

Recent  work  on  beam  sources  indicates  that  intense 
beams  of  negatively  charged  halogen  ions  may  be  feasible 
[9].  Such  beams  could  be  photoneutralized  after  final 
focus  by  laser  and  would  not  need  a  neutralizing  plasma. 
We  have  simulated  chamber  transport  of  a  neutral  iodine 
(127  amu)  main  pulse,  using  the  same  beam  power  as  the 
point  design  and  including  ionization  of  the  beam  and 
background-gas  due  to  collisions  and  target  X  rays.  Near 
the  target,  the  net  charge  of  the  iodine  beam  is  less  than 
that  of  a  plasma-neutralized  xenon  beam,  and  the  fraction 
of  energy  deposited  in  a  1.8-mm  half-width  band  exceeds 
98%,  compared  with  93%  for  xenon.  This  improved  beam 
deposition  might  allow  the  use  of  higher  emittance  beams 
and  permit  a  simpler  chamber  design  due  the  absence  of 
plasma  neutralization. 


CONCLUSIONS 

The  chamber-transport  simulations  here  improve  on 
those  published  with  the  “robust  point  design”  [4]  in 
several  ways.  Both  the  beams  and  the  plasmas  used  to 
neutralize  them  are  given  more  realistic  density  profiles, 
boundary  conditions  in  the  chamber  entry  pipe  are  closer 
to  those  expected  in  a  driver,  and  a  much  wider  range  of 
beam  parameters  has  been  investigated.  The  principal 
finding  of  this  work  is  that  elements  as  low  in  atomic  mass 
as  xenon  could  be  used  as  beam  species.  Also,  both  main 
and  foot  pulses  could  have  a  smaller  convergence  angle 
and  somewhat  higher  emittance  than  previously 
considered.  These  changes  would  permit  a  more 
economical  driver  than  is  possible  using  bismuth.  Finally, 
preliminary  simulations  of  initially  neutral  beams  show 
even  better  transport  characteristics  than  positive  ions. 
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Abstract 

A  new  kind  of  coherent  radiation  induced  by  uniformly 
moving  charge  is  introduced.  It  appears  as  a  wavepacket 
forerunning  ahead  of  the  charge.  It  was  derived  as  a 
complementary  case  of  existing  theory  of  resonant 
wakefield  extended  to  include  the  exotic  “overturned 
wake”  affected  by  the  leading  front  distortions  due  to 
dispersion.  Corresponding  conditions,  causality  and 
potential  realizations  in  special  types  of  slow-wave 
systems  are  analyzed  and  discussed.  Those  can  include 
moving  media  and  meta-materials,  plasma  and  some  of 
periodic  structures. 

INTRODUCTION 

Resonant  long-range  Wakefields  have  common  nature 
with  the  Cherenkov  effect  and  are  very  well  studied  for 
about  half  a  century.  Classic  wakefileds  are  generated 
behind  the  short  bunch  (or  charge)  at  the  following 
conditions:  i)  synchronism  between  the  charge  velocity 

and  modal  phase  velocity:  vph  ~  v ;  ii)  normal  dispersion 

of  the  slow- wave  system  (or  medium):  vgr  <  vph . 

In  this  paper  we  consider  the  situation  when 
vgr  >  v  =  vph  •  So  far  it  was  widely  assumed  that  no  any 

resonant  propagating  field  could  be  generated  in  this  case. 
From  the  other  hand,  some  TWTs  are  operating 
successfully  in  the  vicinity  of  the  Vgr  ~vph  [1]. 

Theoretical  analysis  [2,3]  predicts  the  resonant  wave  to  be 
emitted  in  front  of  the  bunch  at  v^r  >  v  similarly  as  it 

takes  place  in  a  super-radiant  single-pass  FEL.  We  shall 
distinguish  such  a  reversed  “wakefiled”  considered  here 
from  “reversed  Vavilov-Cherenkov  radiation”.  This  term 
was  introduced  originally  by  Veselago  in  1968  [4]  and 
refers  to  more  trivial  case  of  negative  group  velocity  in  a 
medium. 

RESONANT  FIELDS  INDUCED  IN  A 
SLOW-WAVE  SYSTEM 

To  find  the  fields  induced  by  a  charge  in  an  arbitrary 
slow-wave  guide  it  is  convenient  to  apply  the  method  of 
eigenmodes  E±S,H±S  of  variable  amplitudes  [5],  Along 

with  Fourier-transformation  it  allows  taking  into  account 
charge  distribution  in  the  bunch  as  well  as  dispersion 
effect  for  the  fields  in  the  time-domain  [6,2].  Assuming 
point  charge  q  of  limited  lifetime  t0  =  L/v  propagating 

along  a  semi-infinite  waveguide  with  transverse 
coordinate  px(z)  one  can  derive  the  following 
expression  for  the  resonant  modal  fields  induced: 


Es  (r,  t )  =  -2 q  Re  ASL  (z,  t )  Fi  Pi  (z. ))  ,(1) 

N-|v-,-vrJ-| 

where  E°±s(z,r±)  =  E±,/exp(±ihsz)  hs=h's  +  iK,  h[> 0; 

> 

K=K-iKvgrJ(y-vgrs)\ 


A^(z,t)  =  &\p(ihs(z-vt))[As{zl,r)-As  (Z)  -L,r)]x 
n((v/-z)/(v-v<rs));  T  =t~z/v. 


n(jr)  is  the  symmetric  Heaviside  function:  11(0)  =  1/2; 

i  1“V*/v 

/j  =  Zl  /v ,  and,  for  the  2nd  -  order  dispersion  [2,7]: 

(  \ 


As(zl,z)  =  ^eifc\ 


-a+oVK 


dl(0 


>  = 


dh 


n 


In  the  limit  of  linear  dispersion  (i.e.,  dvgrs  jdh  ->  0 )  the 
field  amplitude  |Asl(z,?)|  at  V  *  v^-  is  proportional  to 


the  following  propagating  factor: 

[n(/i)-n(/,  -t0)]  n|v/-z)/(v-vfJ).  (2> 

One  can  see  from  (1)  that  coherent  propagating  waves  are 
emitted  under  the  following  conditions: 

2Qs|v -v^|»c,  Tv  =l|v;^  -v~'| » In / cou .  (3) 


0<  v  <  vgr 


Figure  1:  Space-time  diagram  for  the  resonant  field 
radiated  at  anomalous  dispersion. 


The  fields  (1,2)  were  derived  without  any  limitation 
imposed  on  the  relationship  between  the  group  and  charge 
velocities  and  have  to  be  valid  for  both  cases:  vgr  <  v 

and  vgr  >  v  .  The  leading  (group)  front  of  the  radiated 
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field  is  subject  to  diffusion  (1)  because  of  non-linearity  of 
anomalous  dispersion. 

Along  with  the  conventional  situation  when  v  <  v  , 

grs 

the  case  vgrs  >  v  obeys  the  causality  principle  as  well. 

At  vgrs  >  v  the  field  surpasses  the  charge  (see  Fig.  1) 

and  is  no  longer  a  normal  wake.  One  can  see  from  (1,2), 
in  both  cases  the  waveform  is  defined  through  the 
retarded  argument  tx  >  0 ,  which  is  always  less  than  the 

current  time  t:  t-tl=  Vt~Z  >Q-  In  other  words,  the 
v  — v 

ygrs 

fields  are  defined  by  the  perturbations  occurring  in  past 
time. 


SYSTEMS  WITH  ANOMALOUS 
DISPERSION 

Dispersive  and  moving  medium 

The  condition  of  anomalous  dispersion  in  an 
unbounded  motionless  medium  having  refraction  index 
nmi  is  trivial: 

l-nmed<(odnmed/dco<  0-  (4) 

Usually  anomalous  dispersion  is  accompanied  by 
resonant  absorption  of  the  molecules  that  breaks 
corresponding  constraint  in  (3).  However,  anisotropic 
“metamaterials”  [8,9,10]  with  unusual  properties  due  to 
negative  dielectric  macroscopic  permitivity  (or  negative 
magnetic  permeability)  can  have  dn^/dox  0  [11]  and, 

maybe,  moderate  losses  at  some  frequencies. 

One  can  obtain  an  anomalous  dispersion  in  a  normal 
medium  moving  with  the  velocity  vmed  =  Pmedc .  If  the 

medium  flow  is  non-relativistic,  collinear  to  the  phase 
velocity,  and  higher  order  dispersion  is  negligible  one  can 
find  directly  from  [12]: 

P  —  P  ~  ^  ft twd  +  ^med  (Pmed^med  ®  dTlmpd 

nmed  nmed  d(0  ’ 

For  a  cold  plasma  formed  by  (relativistic)  electrons 
moving  with  velocity  p^d  through  a  motionless 

neutralizing  background  (ions)  the  solution  of  the 
dispersion  equation  is  well  known: 

Ptr  ~PpH=±  Pmed/{co/o)p  ±  l),  (6) 

where  pgr  -  pmed ,  the  signs  ±  correspond  to  slow  and 
fast  waves  respectively,  to,  =  W«o/(m0e0rL)  is  the 
plasma  frequency,  and  y  ddd  =  l/i/l  -  fi^d2  is  the  relativistic 
factor  for  the  moving  medium. 

Thus  one  can  provide  ft  >  B  for  slow-wave  in 

r  gr  H  ph 

drifting  plasma  or  in  a  passive  normal  medium  at 
Pmed>nmj{nmai2  +2),  provided  high-order  dispersion  and 
dissipation  effects  are  not  significant. 


Dispersive  or  moving  medium  in  a  conducting 
pipe 


For  a  pipe  filled  with  motionless  dispersive  medium 
(dnmd/d(O*0)  one  can  easily  obtain  the  following 

>0): 

dn„^  1 


condition  of  anomalous  dispersion  (vgr>v 


_ 1_ 

Pr-n 


-1< 


(0 


do)  p 


2  2 

n 


-1 


(7) 


'phs  nmed  med  K  phs  '* med 

Let  us  consider  now  a  pipe  with  moving  medium. 
Using  Lorentz’  transformations  one  can  find  the 
dispersion  and  the  following  condition  of  anomalous 
dispersion: 


y  med  §  s 


<m:d\h  VA™/  ~nraed 
where  gs  is  the 


where  \n„J<\Pr 


(8) 


modal  transverse  wavenumber 


( gs  =  Jos  tb  for  a  cylindrical  pipe  of  radius  b\  j0s  is  the 

s-th  root  of  the  Bessel  function  (of  the  first  kind  of  the 
zero-th  order  for  monopole  mode). 

Relativistic  plasma  can  be  a  good  candidate  for 
anomalous  system  to  satisfy  (8).  But  self-consistent 
behavior  of  the  plasma  makes  the  analysis  more 
complicated  than  it  is  presented  here.  Along  with  the 
active  character  of  the  system  it  can  diminish  the 
simplified  concept  of  group  velocity. 


Periodic  slow-wave  systems 

In  a  long  periodic  slow-wave  structure  the  group 
velocity  does  not  depend  on  the  harmonic  number  for  the 
given  frequency.  Consequently,  one  can  always  find  some 
nm  spatial  harmonic  for  which  Vgr  >  vphn  >  0  in  the 

vicinity  of  the  passband  middle  provided 
N^r  >  max{2iV/  ,«]•  Moreover,  one  can  anticipate  that 

ohmic  losses  will  satisfy  the  condition  (3)  even  at  room 
temperatures. 

Metal  helix  was  the  first  classical  metal  slow-wave 
structure  and  continues  to  be  employed  successfully  in 
numerous  TWTs  and  BWOs  for  more  than  fifty  years.  Its 
specific  dispersive  properties  can  be  applied  directly  to 
our  case  of  interest.  For  instance,  helical  structures 
designed  to  operate  at  non-relativistic  beam  energies  can 
have  dvph  /dco  >  0  along  with  Vgr  >0  at  some 

frequencies  for  the  first  and  the  second  space  harmonics 
[1,13,14]. 

One  of  such  structures  is  four-thread  helix  in  a  pipe 
depicted  in  Figure  2.  The  lowest  fundamental  mode  is 
quadrupole  mode  (f«7.3  GHz,  Q=4000)  having  figr=- 

0.61  for  the  phase  advance  per  cell  fr=rc/2. 
Correspondingly,  for  the  space  harmonic  at  fr=37t/2  at  the 
same  frequency  we  have  Pgr  =+0.61  and  /Jpft=0.21.  So, 

~12keV  electron  (or  ~7MeV  proton)  bunch  having 
substantial  quadrupole  component  will  induce  this  mode 
as  a  forerunning  wave.  Monopole  mode  has  pgr  =+0.57 

group  velocity  at  fr=7t/2  (fr=17GHz,  Q~9000). 
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Figure  2:  Example  of  helical  slow-wave  structure  (metal 
pipe  is  not  shown). 

For  the  1st  spatial  harmonic  (at  ft=5;i/2,  monopole  mode) 
one  obtains  /3ph=  0.29  at  the  same  group  velocity  and 

frequency.  It  means  that  ~25keV  electron  (or  ~26MeV 
proton)  bunch  can  radiate  the  reverted  “wakefield”. 

In  open  waveguides  [15,16,17]  the  group  velocity  is 
naturally  high  and  approaches  to  the  speed  of  light. 
However,  at  shorter  wavelengths  (infrared  and  optical 
range)  we  usually  have  &»n ,  oversized  mode  of 
operation  ^  »1,  no  slow  waves  in  the  system  [17]  or 

the  number  of  slow  and  fast  harmonics  interacting  with 
the  bunch  is  too  big  [18]  resulting  in  degradation  of 
efficiency  and  length  of  interaction. 

DISCUSSION 

At  longer  wavelengths  and  low-energy  bunches  the 
simplest  proof-of-principle  system  would  be  some  of 
metal-dominated  periodical  structures. 

Resonant  Wakefields  can  affect  performance  of  some 
high  intensity  ion  linacs  (especially  RFQ). 

BBU  effect  can  occur  at  Vgr  >  Vph  >  0 .  In  the  absence  of 

reflections,  beam  break-up  would  appear  as  diffusion  and 
shortening  of  the  leading  front  of  the  beam  pulse  (instead 
of  trailing  edge  shortening  for  conventional  BBU). 

Hypothetical  laser  acceleration  scheme  in  the  media 
having  Vgr  >vph  >0  requires  the  bunch  to  be  injected 

before  the  driving  electromagnetic  (laser)  pulse  front 
edge.  Analogously,  in  the  case  of  collinear  acceleration 
driven  by  a  charged  bunch  in  such  a  medium,  its  radiation 
will  “push”  ahead  the  bunch  to  be  accelerated  in  front  of 
the  driving  bunch. 

The  treatment  given  here  is  not  applicable  directly  to 
the  Cherenkov  radiation.  However,  the  group  velocity 
concept  could  be  very  useful  in  studying  this  effect  in 

more  general  case  when  vgr  *  vph .  For  example,  the 

pre-threshold  short-pulse  radiation  [19,20,21]  can  be 
explained  qualitatively  as  a  normal  wake  at 
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Abstract 

A  three-dimensional  model  of  intense  bunched  beams  is 
developed  for  cylindrical  and  corrugated  conducting 
pipes.  Updated  comparisons  between  the  current  limits 
derived  from  this  model  and  experimental  data  from  PPM 
focusing  klystrons  are  presented.  An  electrostatic  Green’s 
function  is  formulated  for  azimuthally  symmetric  slow- 
wave  structures.  Analytical  and  numerical  results  are 
presented  for  the  potential  of  a  periodic  bunched  pencil 
beam  in  a  small-rippled  waveguide  approximation. 

INTRODUCTION 

The  modeling  of  intense  charged-particle  beams  is  an 
important  subject  in  beam  physics  [1,2]  and  to  the 
development  of  rf  accelerators  and  the  high-power 
microwave  (HPM)  sources  [3]  driving  them. 

Recent  analytic  and  semi-analytic  Green’s  function 
analyses  to  address  these  issues  have  resulted  in 
confinement  conditions  for  bunched  pencil  beams  in 
round  cylindrical  pipes  [4-7].  The  model  predicts  beam 
losses,  which  have  been  measured  in  a  number  of  periodic 
permanent  magnet  (PPM)  focusing  klystrons  at  SLAC  and 
KEK  [8-12]. 

In  this  paper,  we  present  updated  comparisons  between 
theory  [4-7]  and  the  PPM  klystron  experiments  at  SLAC 
[8,9,11]  and  KEK  [10,12],  and  describe  our  initial  efforts 
to  generalize  the  previous  model  [4-7]  to  slow-wave 
structures.  In  particular,  we  derive  an  electrostatic  Green’s 
function  for  an  azimuthally  symmetric  cylindrical 
conductor  with  small-amplitude  axial  variations  of  its 
radius.  Self-consistent  electrostatic  potentials  are 
computed  for  a  periodic  bunched  beam  propagating  off- 
axis  in  the  pipe. 


frequency  of  the  klystron,  fibc  is  the  dc  beam  velocity, 
yb  is  the  relativistic  mass  factor  for  the  dc  beam,  coc  ms  is 
the  rms  cyclotron  frequency  associated  with  the  PPM 
focusing  field,  and  lA  =  17kAxy^  is  the  Alfven 
current. 

Figure  1  and  Table  1  show  updated  comparisons 
between  the  predicted  (solid  line)  and  the  experimental 
data  points.  From  Table  1  and  Fig.  1,  it  is  evident  that 
both  the  SLAC  50  MW  X-Band  XL-PPM  klystron  [8,9] 
and  Toshiba/KEK  50  MW  C-Band  PPM  klystron  [10] 
operate  below  the  current  limit.  This  agrees  with  minimal 
beam  losses  observed  in  both  experiments.  On  the  other 
hand,  the  SLAC  75  MW  X-Band  XP-1  [8,9]  and  XP-3 
[11]  PPM  klystrons  and  the  BINP/KEK  75  MW  X-Band 
PPM-1  klystron  [12]  all  operate  at  or  above  the  current 
limit,  and  observe  significant  beam  losses. 

ELECTROSTATIC  GREEN’S  FUNCTION 
IN  A  SLOW- WAVE  STRUCTURE 

As  an  initial  effort  to  generalize  the  previous  model  [4- 
7]  to  slow-wave  structures,  we  pose  the  problem  of 
determining  the  electrostatic  Green  function  in  an 
azimuthally  symmetric  slow-wave  structure. 

Employing  cylindrical  coordinates  (r,0,z),  the 
conducting  surface  of  the  waveguide  is  specified  by 
r  =  a(z ),  where  the  pipe  radius,  a ,  is  a  function  of  the 
axial  coordinate.  The  Green’s  function  is  then  determined 
by  the  solution  of 

[v2g(x; x')  =  -4ttS(x  -  x') 

[G(r  =  a(z))=0. 


UPDATED  COMPARISONS  BETWEEN 
THEORY  AND  PPM  KLYSTRON  DATA 


The  theoretical  results,  based  on  a  three-dimensional 
bunched  beam  model  for  a  perfectly  conducting  circular 
pipe  with  a  constant  radius,  predict  a  current  limit  for 
PPM  focusing  klystrons  being  developed  for  TeV  linear 
collider  applications.  For  a  =  2mf  /  ybPhc  <  2,  the 
limiting  current  Ib  is  approximately  given  by  [4-7] 


8 c2Ib  _  a 

(t)2  a2IA  n * 

c,rms  A 


(1) 


where  a  is  the  beam  tunnel  radius,  /  is  the  operating 
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Figure  1:  Comparison  between  theoretical  current  limit 
and  experimental  data  for  PPM  klystrons. 
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Table  1:  Experimental  parameters  and  theoretical  current 
limits  for  PPM  klystrons. 


PARAMETER 

50  MW  XL- 

PPM  (SLAC) 

75  MW  XP-1 

(SLAC) 

75  MW  XP-3 

(SLAC) 

50  MW 

(Toshiba/KEK) 

75  MW  PPM-1 

(BUS’P/KEK) 

/(GHz) 

11.4 

11.4 

11.4 

5.7 

11.4 

h  (A) 

190 

257 

257 

317 

266 

n 

1.83 

1.96 

1.96 

1.69 

1.94 

Bm(T) 

0.20 

0.16 

0.18 

0.14 

0.17 

a  (cm) 

0.48 

0.54 

0.48 

0.90 

0.55 

a 

0.75 

0.77 

0.68 

0.79 

0.79 

■  ***>  1 
af^a2!  J 

•  np 

0.19 

0.28 

0.29 

0.20 

0.25 

*c2lb  1 

0.238 

0.244 

0.216 

0.251 

0.251 

Beam  Power 

Loss 

0.8'Z 

significant  but 

not  measured 

significant  but 

not  measured 

small  but 

not  measured 

30% 

This  is  reduced  to  a  boundary  value  problem  for 
Laplace’s  equation  by  separating  the  singular  (free-space) 
and  regular  components  of  the  Green’s  function  and 

writing  G(x;x')=|x-xf‘  +  GR  (x;  x') .  This  leaves 
V2Gr{x;x')  =  0 

G(r  =  a(z))  =  /(0,z),  w 

where  the  boundary  function  is  defined  by 
/((*>,  z)= -|x(r  =  a) -xl'1 . 

The  regular  part  of  the  Green’s  function  may  be 
expanded  in  the  cylindrical  coordinate  eigenfunctions  of 
the  Laplacian  as 

GR  =  ]dA±e*e^Iv(Ar)AXv,  (4) 

-CO  V=-oo 

where  the  amplitudes  AXv  are  determined  by  the 
boundary  equation 

GR(a,0,z)=  f(<t>,  z) 

=  ]dX±e^e^lv{Hz))AXv.  (5) 

_ oa  V=— oo 

The  standard  procedure  for  determining  the  amplitudes 
AAv  involves  taking  the  Fourier  transform  of  Eq.  (5)  and 
utilizing  the  orthogonality  properties  of  the  basis 

functions  to  isolate  the  amplitudes.  This  yields 

hv  ~  )dz]dAe^AXvIv(Hz)\  (6) 

—oo  — oo 

where  the  Fourier  transform  of  the  boundary  function  is 
defined  as 

=~  )dz  z).  (7) 

— oo  —jz 

Note  that  for  a  constant  a{z)  in  Eq.  (6),  the  z  integral 
reduces  to  a  delta  function,  yielding  the  result  for  a 
straight  cylinder  [4]:  fXv  =  AXvlv(Aa).  For  an  arbitrary 
axial  profile,  Eq.  (5)  cannot  be  analytically  inverted  to 
obtain  the  amplitudes  AXv. 


SMALL-RIPPLE  APPROXIMATION 

The  system  does  present  an  approximate  analytic 
solution  if  the  axially-varying  conductor  radius  is 
approximately  equal  to  its  average  value.  We  thus  take  the 
small  ripple  approximation ,  assuming  that 
a(z)  =  0o+ai(*)>  where  ax{z)«aQ.  Employing  this 
approximation  to  Taylor  expand  the  Bessel  function 
appearing  in  Eq.  (5)  to  first  order  in  ax  fa0  permits 
writing  the  transformed  boundary  function  as 
f aw  ~  fxv  +  fl'v  *  where  the  result  for  the  straight 
cylinder  of  constant  radius  a0  is  represented  by 

fxv  =  A^/^Aa 0),  and  the  first  order  correction  due  to 
the  axially- varying  wall  radius  is  represented  by 

/,‘v  ]*] d^-^A^a^K^a,) 

~oo  — oo 

(8) 

=  iMAxyttSX-tyyifa). 

with  the  introduction  of  the  Fourier  transform  of  the  wall 
1  °° 

ripple,  defined  by  al  (k) = —  fa,  (z)e~iKdz  . 

2n  J 

— oo 

We  shall  henceforth  in  this  paper  assume  a  sinusoidal 
wail  profile  (see  Fig.  2)  given  by  a1(z)  =  az0cos(2^/^), 

with  the  understanding  that  an  arbitrary  (small-amplitude) 
wall  profile  may  be  constructed  through  an  appropriate 
Fourier  superposition  of  above  modes.  With  this  choice, 
the  transformed  boundary  function  becomes 

f  Av  ~  A Av  / V  fao  )  +  f  Al-p,vfl0  (A  ~  p)lv  ia0  (A  “  p)) 

+  f^wao(A  +  p)/v  (a0  (A +  p)). 

It  is  consistent  with  the  small  ripple  approximation  to 
use  a  first-order  in  €  perturbation  expansion  to  invert  Eq. 
(9)  for  the  amplitudes  AXv .  Writing  AXv  =  A°Xv  +  eA\v 

and  separately  equating  the  coefficients  of  each  order  of 
e  in  Eq.  (9)  yields 


Figure  2:  Bunched  beam  in  a  rippled-wall  waveguide. 


2644 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


0  -  u  i  IO  i  2.5  ^,3 

2  7i  z/L  2  71  z/L 

Figure  3:  Equipotential  curves  for  a  bunched  beam  in  a  straight  (left)  and  corrugated  (right)  cylinder. 


where  A°„  =£„[/„  (a0A)^ . 

All  that  remains  is  to  determine  the  transformed 


boundary  function,  fAv .  Employing  a  well-known 
Fourier-Bessel  expansion  [13]  for  the  HR  potential, 
the  boundary  function  may  be  written  as 


/(0,z)  =  -|x(r  =  a(z))-x1"1 


In{kr')Kn(ka(z))dk 


where  we’ve  assumed  r'<a(z).  Taking  the  Fourier 
transform  as  per  Eq.  (7)  and  making  use  of  the  small 
ripple  approximation  to  expand  the  Bessel  function 
yields 

~  \(&)Kvfa)  1 

L  =  +  fe^a0(A  -  p)/y((A  -  p)r')Kj(A  -  p)a0)  .  (12) 

+  fe-*'a0(A  +  p)lv((A  +  p)r'K((A  +  p]a0) 

Combined  with  Eqs.  (10)  and  (4),  this  result  determines 
the  electrostatic  Green’s  function  for  an  azimuthally 
symmetric  pipe  with  small-amplitude  axial  variations 
in  its  radius,  accurate  to  first  order  in  e . 

Given  the  Green’s  function,  the  electrostatic  potential 
may  be  computed  for  an  arbitrary  charge  distribution. 
For  purposes  of  comparison,  it  is  useful  to  consider  the 
bunched  beam  charge  distribution  of  [4], 

p{r  *  z)  =  “  S(r  -  r')S(0  ~  $')  ^  S(z  - z'-nL ,).  (13) 

r  n=-oo 

This  distribution  (depicted  in  Fig.  2)  represents  a 
periodic  bunched  beam  with  bunch  spacing  L , 
displaced  from  the  axis  by  a  distance  r  ,  and  with  one 
bunch  offset  from  the  z  =  0  plane  by  a  distance  z  . 
Integrating  the  Green’s  function  over  this  distribution 
yields  o(x)  =  O0(x)+£d>1(x),  where  the  first  term  is 
the  straight  cylinder  potential  of  [4], 

lM<)\*MoK{nr>)  1  (14) 

Iv{na0)l-  lv(nK)Kv{naQ)\ 
and  the  second  term  gives  the  correction  due  to  a 
sinusoidal  wall  ripple, 


eiip 

-y  e>n(z-z)e‘  K  (n  ao  )K  {{n  ~  p)® o ) 

—  ,  c-&  Iv(nr)lv((n  +  pY)  ' 

)lv({n  +  pM_ 


(15) 


The  quantities  introduced  above  are  defined  as 


a0  s 2m0 / L  ,  r  =  2mlL,  r=2nr'lL,  z  =  2nzlL, 


Z  =2tiz  t  L ,  p  =  Lf£,  r<  =  min(f,r') ,  r<  =max(f,f'), 
and  a1(z)-ea0cos(27iz/£). 

Figure  3  shows  equipotential  curves  in  the  plane  of 
the  charge  for  a  bunched  beam  in  both  a  straight  and 
corrugated  cylinder.  Relevant  parameters  are  a0  =  2 , 

r '  =  0.5  ,  z=  0,  p  =  1,  and  £  =  0.05.  The  black 
region  (corresponding  to  the  zero  potential  surface) 
conforms  to  the  straight  and  sinusoidally  rippled 
cylindrical  walls,  respectively. 
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Abstract 

Effects  of  image  charges  on  beam  halo  formation  and 
beam  loss  in  small-aperture  alternating-gradient  focusing 
systems  are  studied  analytically,  computationally,  and 
experimentally.  Nonlinear  image-charge  fields  result  in 
chaotic  particle  motion  and  the  ejection  of  particles  from 
the  beam  core  into  a  halo.  Detailed  chaotic  particle 
motion  and  structure  of  the  particle  phase  space  is  studied, 
and  the  beam  loss  rate  is  computed  for  a  long  transport 
channel.  Image-charge  effects  are  also  studied  for  a  short 
transport  channel,  and  compared  with  the  Neutralized 
Transport  Experiment  (NTX)  at  LBNL. 

INTRODUCTION 

An  important  aspect  in  the  design  of  periodically 
focused  beams  in  such  accelerators  is  to  prevent  the 
beams  from  developing  halos  because  they  may  cause 
beam  losses  to  the  conducting  walls  of  the  accelerating 
structures.  The  problem  of  halo  formation  and  beam 
losses  is  of  a  serious  concern  in  the  design  of  small- 
aperture  focusing  transport  systems  that  are  often  required 
in  order  to  keep  accelerator  costs  manageable.  Two  key 
mechanisms  for  halo  formation  have  been  studied  using 
analytical  models  [1-3]  and  self-consistent  simulations 
with  particle-in-cell  (PIC)  techniques  [4-7],  Until  the 
present  analysis,  however,  most  published  analytical 
results  [1-3]  on  beam  halo  formation  have  been  based  on 
ffee-space  models  in  which  wall  effects  on  halo  formation 
have  been  ignored. 

In  this  paper,  we  report  a  new  mechanism  for  chaotic 
particle  motion  and  halo  formation  in  intense  charge- 
particle  beams.  In  particular,  use  is  made  of  a  test-particle 
model  to  investigate  the  dynamics  of  root-mean-squared 
(rms)  matched  intense  charged  particle  beams  propagating 
through  an  alternating-gradient  quadrupole  magnetic  field 
and  a  small  aperture.  While  the  present  model  allows  for 
nonuniform  beams  with  elliptic  symmetry,  the  effects  of 
image  charges  on  halo  formation  are  illustrated  with  a 
uniform  (KV)  beam  distribution  [8].  It  is  shown  that  the 
image-charge-induced  fields  are  nonlinear,  and  that  they 
induce  chaotic  particle  motion  and  halo  formation. 

We  consider  an  rms-matched  continuous  intense 
charged-particle  beam  propagating  in  the  longitudinal 
direction  through  an  alternating-gradient  quadrupole 
magnetic  field  with  axial  periodicity  length  5  in  a 
perfectly  conducting  round  pipe  with  radius  R  .  The  beam 
density  is  assumed  to  be  n  ~  n{x2  j a2  +  y 2  /& 2  An 

*  Supported  by  the  U.  S.  Department  of  Energy,  Grant  No.  DE-FG02- 
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analytical  expression  for  the  scalar  potential  can  be 
obtained  for  the  assumed  density  profile, 


where 


T  =  x2/(a2  +  s)+y2/(b2+s),Tl  =  x2 /{a2  +s)+  y2/(b2  +s), 
r  =  {x2+y2f2,  Xl=R2x/{x2+y2),  and  ^  =  R 2y/(x2  +/). 

For  the  KV  beam,  the  periodic  beam  envelope  functions 
a(s)  ~a(s  +  S)  and  />($)  =  b(s  +  S')  can  be  calculated  from 
envelope  equations  [9].  Furthermore,  in  the  paraxial 
approximation,  the  transverse  equations  of  motion  for  an 
individual  test  particle  can  be  obtained  [3]  with  the 
potential  in  Eq.  (1). 

It  is  important  to  specify  initial  conditions  for  the  test- 
particle  motion  that  are  consistent  with  the  assumed  beam 
density,  which  is  accomplished  by  the  particular  choice  of 
an  initial  distribution  function  [3]  at  s  =  s0,  i.e., 

fb(x>y>x\y\s0) ~ N b8(W -\)j n2exey  ,  where  x'  =  cbc/ds , 
and  W  is  the  variable  defined  by 
W  =  x2/a2  +(ax'-xa')2 /s2+y2 jb2  +(by'-yb')2 /e2-  Here,  a , 
a* ,  b ,  and  b’  denote  the  “initial”  values  at  s  =  s0 . 

IMAGE-CHARGE  EFFECTS  IN  A  LONG 
TRANSPORT  CHANNEL 

Using  the  model  established  in  the  previous  section,  we 
can  investigate  the  halo  formation  and  beam  chaotic 
motion  induced  by  the  image-charge  effects.  For  a  long 
quadrupole  focusing  channel  with  the  step-function 
lattice,  the  envelope  functions  and  b(s)  are  obtained 
numerically  and  are  benchmarked  against  the  published 
results  for  the  ffee-space  case  in  [3].  The  system 
parameters  are  chosen  to  be  7  =  0,5,  KS/ex=  10.0, 

£x=£y=£,  and  vacuum  phase  advance  crv  =  80.0°,  which 

correspond  to  those  in  the  High-Current  Experiment 
(HCX)  at  LBNL  [10].  The  mechanism  of  beam  loss  is 
best  illustrated  by  the  phase  space  structure  for  the  test- 
particle  motion  in  the  (x,*')  plane  as  shown  in  Fig.  1, 
where  the  Poincare  surface-of-section  plots  for  the 
trajectories  of  test  particles  are  demonstrated  for  two 
cases:  (a)  ffee-space  (R~  r/J&  =ao)  and  (b)  R  =  4.5. 
Forty  one  and  twenty  nine  test  particles  are  loaded 
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Fig.l  Poincare  surface-of  section  plots  of  test  particles 
propagating  over  1000  lattice  periods  in  the  phase  plane 
(x,*')  for  two  cases:  (a)  free-space  R  =  oo  and  (b) 
R  =  4.5. 

uniformly  at  $  =  0  between  the  intervals  -  2.0  <  x'  <  2.0 
and  -1.32  <  x '  <1.32  along  the  jc'-  axis  in  Figs.  3(a)  and 
3(b),  respectively.  Because  all  of  the  test  particles  have 
M0M0))  =  0,  their  trajectories  remain  in  the  (*,*')  plane 
of  the  phase  space.  As  shown  in  Fig.  1  (a),  well  inside  the 
beam  with  wx  <  I  the  motion  is  regular,  whereas  there  is  a 

chaotic  sea  bounded  between  Wx=\  and  an  outer 
Kolmogorov-Arnold-Moser  (KAM)  surface  at  jc/^  =  1.7 

for  the  free-space  case  with  R  =  oo .  This  chaotic  sea  is 
fully  connected;  that  is,  a  particle  in  the  chaotic  sea  will 
fill  out  the  entire  region  if  it  travels  for  a  sufficiently  long 
distance.  As  the  pipe  radius  R  decreases,  the  conductor 
wall  intersects  the  chaotic  sea  as  shown  in  Fig.l  (b),  in 
which  case  the  particles  in  the  chaotic  sea  will  eventually 
strike  the  wall. 

It  should  be  pointed  out  that  as  the  pipe  radius  R 
decreases,  the  image  effect  on  the  dynamics  of  a  beam 
with  the  KV  distribution  is  subtle,  as  illustrated  in  Fig.  2. 
In  Fig.  2  the  transverse  energy  Wx(s)  =  (x/af  +  (ax'/s)2  is 

plotted  as  a  function  of  the  axial  distance  s  for  50  test 
particles  loaded  at  s  =  0  on  the  beam  boundary  fVx(0)  =  1 

in  the  phase  space  with  the  initial  phases 
<0O  =  tan  [(57  s)1/2  a (O)x'(O) /*(0) j  uniformly  distributed 


Fig.  2  Plots  of  wx  vs  S  for  50  test  particles  for  R  =  4.5 
The  test  particles  are  initially  loaded  uniformly  with  phase 
A  ranging  from  0  to  njl  on  the  beam  boundary 
(x(0)/a(0))2  +  (tf(0).x;'(0)/£)2  =1  in  the  phase  space. 

from  0  to  7i j 2  for  i?  =  4.5.  The  system  parameters  are 
chosen  to  be  the  same  as  in  Fig.  1.  For  the  free-space  case, 
the  motion  is  stable,  and  the  transverse  energy  is 
conserved  with  FFx(y)=ifor  all  of  the  test  particles.  As  R 

decreases  to  R  =  4.5 ,  some  test  particles  become  chaotic 
due  to  the  nonlinear  force  of  the  induced  image  charge  on 
the  wall,  and  the  transverse  energies  of  these  particles  are 
no  longer  constant. 

Furthermore,  the  beam  loss  is  computed  as  a  function  of 
propagation  distance,  and  the  results  are  shown  in  Fig.  3. 
The  four  curves  correspond  to  four  choices  of  the  pipe 
radius  with  R  =  3.8 , 3.9,  4.0,  and  4.5.  The  beam  loss  rate 
increases  with  the  decreasing  pipe  radius,  where  the 
image  effects  play  a  more  important  role  in  the  total  space 
charge  force.  When  the  maximum  beam  envelope  fills 
86%  of  the  pipe,  the  beam  loss  reaches  8%  at  s  =  10005 . 
Although  the  results  shown  in  Fig.  3  are  based  on  the  test- 
particle  calculations,  they  provide  order  of  magnitude 
estimates  for  the  actual  beam  losses,  which  are  being 
studied  using  self-consistent  simulations. 


Fig.  3  Plots  of  the  percentage  of  particles  sticking  the 
conductor  wall  as  a  function  of  propagation  distance  for 
several  choices  of  r  ~  r/J&.  Here,  10,000  test  particles 

with  the  KV  distribution  initially  are  used  in  the 
simulations. 
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Table  1.  Simulation  Parameters 
Ion  Energy: 

Ion  Current: 

Initial  Beam  Radius: 

Initial  Beam  Radius  Derivative: 
Beam  Velocity: 

Magnetic  Quadrupoles  (T/m): 
Emittance  (  4;r  x  rms  ): 

Channel  Length: 

Final  Circular  Beam  Radius: 

Final  Beam  Radius  Derivative: 

Pipe  Radius: 


forNTX 
300  KeV 
25  mA 
10  mm 
27  mr 
0.004  c 

2.8, -3.62, 3.39,  -1.95 
12  n  mm-mrad 
2.4  m 
20  mm 
-20  mr 
75.8  mm 


IMAGE-CHARGE  EFFECTS  IN  NTX 

We  also  use  the  theoretical  model  to  analyze  the  NTX. 
Table  1  shows  the  simulation  parameters  for  the  NTX  and 
Fig.  4  shows  the  beam  envelopes.  The  focusing  channel  in 
the  simulation  is  slight  different  from  the  experiment,  and 
the  emittance  in  the  simulation  is  about  2  times  the 
experimental  value.  Test-particles  are  put  to  propagating 
in  the  focusing  channel  of  NTX  to  investigate  image- 
charge  effects  for  KV  distribution  beams. 

Shown  in  Fig.  5  are  the  plots  of  the  line-integrated 
phase  plane  distributions  in  (*,*')  and  (y,y')  at  the  end  of 

the  channel,  as  obtained  from  the  experimental 
measurements  (left)  and  the  simulation  (right).  The  linear 
parts  of  x'  and  /  are  subtracted  in  Fig.  5.  There  is  no 
halo  formation  in  the  simulation  for  this  short  channel. 
However,  the  nonlinear  forces  induced  by  image  charges 
create  slight  S-shaped  and  non-elliptic  distributions  in 
(*,*')  and  (y,/),  respectively,  although  we  are  still 
investigating  the  discrepancy  between  the  experiment  and 
theory  regarding  the  orientation  of  the  S-shaped 
distribution. 

CONCLUSION 

We  have  shown  using  a  test-particle  model  that  in  a 
small-aperture  alternating-gradient  focusing  channel, 
image-charge  effects  induce  a  new  mechanism  for  chaotic 
particle  motion  and  halo  formation  in  intense  charge- 
particle  beams.  The  percentage  of  beam  loss  has  been 
calculated  as  a  function  of  propagating  distance  and 
aperture  size.  Because  our  results  are  obtained  for  ideal 


Fig.  4  Plots  of  the  envelopes  of  the  focusing  channel  of 
NTX. 


Experiment  Theory 


y  (mm)  y  (mm) 


Fig.  5  Poincare  surface-of  section  plots  of  test  particles  at 
the  end  of  NTX  Channel  in  the  phase  plane  (*,*')  and 

M- 


KV  distribution,  they  represent  the  minimum  beam  loss 
one  may  achieve  in  a  long  (>100  periods)  focusing  system 
such  as  the  planned  Integrated  Research  Experiment 
(IRE)  for  heavy  ion  fusion.  They  also  suggest  that  in  short 
(2  to  30  periods)  systems  such  as  the  existing  Neutralized 
Transport  Experiment  (NTX)  and  High-Current 
Experiment  (HCX),  imperfections  such  as  charge-density 
fluctuations,  mismatch,  and  focusing  field  nonlinearity 
and  error  may  play  more  important  role  than  image  charge 
effects  on  beam  halo  production. 
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INITIAL  EXPERIMENTAL  RESULTS  OF  THE  SMALL  ISOCHRONOUS 

RING  (SIR)* 

J.  Rodriguez1,  E.  Pozdeyev,  F.  Marti,  NSCL,  Michigan  State  University,  MI  48824,  USA 


Abstract 

The  Small  Isochronous  Ring  (SIR)  is  under 
development  at  the  National  Superconducting  Cyclotron 
Laboratory  (NSCL)  at  Michigan  State  University  (MSU). 
The  ring  is  a  small-scale  experiment  that  simulates  the 
dynamics  of  intense  beams  in  large-scale  accelerators.  Its 
main  purpose  is  the  study  of  longitudinal  space  charge 
effects  in  the  isochronous  regime.  A  20  to  30  keV  bunch 
of  hydrogen  or  deuterium  ions  is  injected  in  the  ring. 
After  a  variable  number  of  turns  (~  20-30),  the  bunch  is 
extracted  and  its  longitudinal  profile  is  studied.  This  paper 
describes  the  hardware  already  designed,  manufactured 
and  installed  as  well  as  the  first  preliminary  experimental 
results. 

1  INTRODUCTION 

The  main  goal  of  the  project  is  to  study  experimentally 
the  effects  of  space  charge  in  the  isochronous  regime. 
Using  low  energy,  low  intensity  hydrogen  or  deuterium 
beams,  we  intend  to  simulate  the  beam  dynamics  of  high 
current  machines.  Papers  [1],  [2]  and  [3]  provide 
additional  details  on  the  project.  Results  of  simulations  of 
the  beam  dynamics  in  the  injection  line  and  in  the  ring  can 
be  found  in  [4]  and  [5]  respectively. 

The  injection  line  of  SIR  and  the  four  magnets  of  the 


ring  have  been  manufactured  and  installed.  Beam  has 
been  extracted,  injected  in  the  ring  and  detected  with  a 
Faraday  Cup  after  lA  of  a  revolution.  No  systematic 
experiments  have  been  performed  yet  since  the  assembly 
finished  at  the  end  of  April  2003.  Figure  1  shows  a  picture 
of  room  where  SIR  is  being  built.  Beam  has  been 
transported  through  the  colored  segments. 

2  ION  PRODUCTION  AND  SEPARATION 

A  multicusp  ion  source  is  used  to  produce  a  beam 

composed  of  H  ,  H2  and  H3  ions.  Experiments  with 

deuterium  will  also  be  performed.  In  this  case,  the 
ultimate  pressure  in  the  ring  will  be  lower  since  its  higher 
mass  will  increase  the  effective  pumping  speed  giving  a 
longer  life-time  of  the  bunches  in  the  ring. 

Biasing  the  source  (up  to  30  kV)  defines  the  extraction 
energy  of  the  beam.  The  puller  of  the  ion  source  also  acts 
as  the  first  ground  electrode  of  the  Einzel  lens  that 
immediately  follows.  Focusing  as  close  to  extraction  as 
possible  is  required  due  to  the  large  angle  dispersion  of 
the  extracted  beam.  Typically,  a  voltage  in  the  Einzel  lens 
of  ~  %  of  the  extraction  voltage  provides  a  focusing 
length  ~10  cm.  Some  non-linear  effects  have  been 
observed.  Simulations  indicate  that  they  are  mainly 


Figure  1:  Room  where  SIR  is  being  built. 
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produced  by  the  Einzel  lens  [4]. 

A  couple  of  orthogonal  pairs  of  steering  plates  (9  cm 
long,  6  cm  gap,  ±1  kV  voltage,  up  to  65  mrads  kick  to  30 
keV  H2+  beam)  are  the  first  mean  to  correct  possible 
misalignments  in  the  injection  line. 


Figure  2:  First  section  of  injection  line 


The  different  mass  states  are  separated  by  a  dipole 
magnet  identical  to  those  used  in  the  ring  [2]. 

The  first  preliminary  measurements  show  currents  in 
the  order  of  1 0-1 00 /x A  for  different  ions  species.  This  is 
enough  to  cover  the  desired  range  of  peak  currents  in  the 
ring.  Systematic  experiments  to  characterize  the  extracted 
beam  will  be  conducted  in  the  following  months. 


3  EMITTANCE  MEASUREMENT  SYSTEM 

A  couple  of  orthogonal  pairs  of  movable  slits  and 
Faraday  Cups  are  used  to  characterize  the  transverse  beam 
parameters.  This  information  is  used  to  recalculate  the 


Figure  3:  X-X’  and  Y-Y’  maps  (15keV  H2+) 


focusing  lengths  of  the  Einzel  lens  and  electrical 
quadrupoles  needed  to  match  the  injected  beam  to  the 
close  orbit  solution  in  the  ring. 

Figure  4  shows  an  X-X*  (medium  plane  of  the  ring)  and 

a  Y-Y’  map  of  a  15  keV  H2+  beam  from  which  an 

emittance  e  —  10#  •  mm  •  mrad  (unnormalized)  can  be 
estimated.  Previously,  other  experiments  were  performed 
where  the  ion  source  had  a  2  mm  diameter  aperture 
instead  of  a  1  mm  one.  In  that  case  an  emittance 
£  —  50 n  •  mm  •  mrad  was  measured. 

The  distance  between  slits  (0.5  mm  gap)  is  47.5  cm. 
Another  couple  of  orthogonal  pairs  of  steering  plates 
(identical  to  the  ones  right  after  the  ion  source)  are  located 
between  slits.  These  electrodes,  together  with  the  dipole 
magnet  and  the  inflector  plates  can  be  adjusted  to  correct 
for  possible  misalignments  or  residual  external  fields. 

A  beam  stopper  will  be  added  in  this  region  in  the 
coming  months.  It  will  be  covered  with  phosphor  to  be 
used  as  a  fast  diagnostic  tool. 

4  MATCHING  AND  CHOPPING  SECTION 

A  triplet  of  electrical  quadrupoles,  located  right  after 
the  emittance  measurement  box,  together  with  the  Einzel 
lens  and  the  quadrupole  corrector  coil  in  the  mass 
separator  provide  flexibility  to  match  the  extracted  beam 
to  the  close  orbit  solution  in  the  ring.  Refer  to  [4]  for  more 
details  in  the  capabilities  of  the  injection  line  to  match 
different  initial  ensembles.  The  lengths  of  the  quadrupoles 
are  10.5  cm,  14  cm  and  6  cm.  The  distance  between  them 
is  9  cm  and  the  gap  between  electrodes  is  7  cm.  The  shape 
of  the  electrodes  is  not  hyperbolic  but  circular.  3-D 
calculations  do  not  show  a  significant  deviation  from 
ideal  case. 

A  pair  of  5  cm  long  plates  are  pulsed  up  to  ±3.5  kV  to 
provide  the  time  structure  of  the  bunches.  Two  grids  next 
to  the  plates  are  used  to  limit  the  deflection  region. 
Bunches  as  short  as  30  ns  are  expected.  At  this  time,  no 
precise  measurements  of  bunch  lengths  have  been 
performed  since  a  fast  Faraday  Cup  has  not  been  built  yet. 
A  regular  Faraday  Cup  located  at  the  end  of  the  injection 
line  has  been  used  and  pulses  <5  fi&  have  been  observed. 

A  pair  of  16.5  cm  inflector  plates  (gap  >7  cm),  located 
right  after  the  chopper,  bend  the  trajectory  of  the  beam 


Figure  4:  Quads,  Chopper,  Inflector  Plates 
Section 
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17.5°  and  a  second  pair  located  in  between  two  of  the 
magnets  of  the  ring,  position  it  in  its  medium  plane.  This 
second  pair  is  pulsed  to  avoid  deflection  after  completion 
of  the  first  turn.  The  geometry  of  plates  is  optimized  to 
maximize  distance  between  deflected  beam  and  plates  and 
to  avoid  introducing  non-linear  effects  in  the  beam. 

5  RING  INJECTION  SECTION 

Besides  a  pair  of  pulsed  deflector  plates  responsible  for 
bending  the  beam  trajectory  back  to  the  medium  plane  of 
the  ring,  there  is  a  movable  three  position  phosphor 
screen.  This  allows  interception  of  the  beam  both  when  it 
is  injected  and  after  the  first  turn.  Figure  5  shows  the 
beam  being  intercepted  when  injected. 


Figure  5:  Beam  intercepted  in  phosphor  screen 


the  cause.  They  may  be  charging  up  or  the  perturbation 
they  introduce  in  the  field  distribution  could  be  disturbing 
the  beam  close  to  their  position. 

Three  500  L/s  turbopumps  are  used  to  reach  a  pressure 
of  2*10  7  torr  in  the  ring  with  a  few  mTorr  pressure  in  the 
Ion  Source.  One  of  them  is  located  right  after  the  ion 
source,  a  second  one  in  the  emittance  measurement  box 
and  a  third  one  in  the  first  straight  section  between 
magnets.  A  fourth  one  will  be  installed  in  one  of  the  other 
sections  of  the  ring. 

6  CONCLUSION 

The  injection  line  and  the  four  ring  magnets  have  been 
manufactured  and  installed.  Beam  completed  lA  of  a 
revolution  in  the  ring  at  the  end  of  April  2003. 

In  the  next  few  months,  the  other  three  straight  sections 
of  the  ring  will  be  designed  and  manufactured.  A  Fast 
Faraday  Cup  will  be  developed  and  tested.  The  control 
system  will  be  enhanced.  The  source  of  the  triangular 
shape  of  the  beam  will  be  studied  and  corrected. 
Systematic  experiments  to  characterize  the  ion  source  will 
also  be  performed. 
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A  triangular  shape  in  the  beam  can  be  observed. 
Although,  no  satisfactory  explanation  was  found  yet,  it  is 
believed  that  the  ceramics  holding  the  Einzel  lens  may  be 
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Abstract 

The  Spallation  Neutron  Source  Linac  consists  of  a  few 
distinct  sections  which  require  careful  transverse 
matching.  Robust  techniques  for  transversely  matching 
various  sections  of  the  SNS  Linac  have  been  identified 
and  will  be  presented.  These  techniques  do  not  require  us 
any  knowledge  of  machine  optics,  and  are  robust  against 
up  to  20%  measurement  uncertainties,  beam  mismatch, 
etc. 

INTRODUCTION 

The  Spallation  Neutron  Source  Linac  consists  of  a 
Drift-tube  Linac,  a  Coupled  Cavity  Linac  followed  by  a 
Superconducting  Linac  [1].  We  studied  feasible  schemes 
of  transversely  matching  various  sections  of  SNS  Linac 
utilizing  wire-scanners  or  emittance  measurement 
devices.  A  few  matching  schemes  are  tested  using  the 
Parmila  code  [2].  We  assume  ideal  longitudinal  matching 
and  concentrate  only  on  transverse  matching.  The 
following  are  the  assumptions  and  conditions  under  which 
the  study  is  done: 

•  About  10%  uncertainty  in  the  initial  matching  quad 
gradient  between  the  model  and  real  machine  is 
assumed. 

•  A  certain  level  of  measurement  uncertainty  (10  to 
20%)  in  rms  beam  size  or  emittance  is  assumed. 

•  As  input  distribution,  we  use  a  beam  distribution 
tracked  from  the  DTL  with  the  initial  30% 
transverse  and  longitudinal  mismatches. 

•  Optimization  is  done  with  10  000  macro-particles 
input  distribution  using  the  Parmila  code. 

The  uncertainty  in  the  initial  matching  condition  is 
assumed,  because  actual  transverse  matching  condition 
may  be  different  from  that  obtained  from  the  model 
(Trace3D  etc)  due  to  various  reasons  such  as  the 
uncertainty  in  longitudinal  set-point  of  cavities,  machine 
imperfections,  and  beam  distributions.  The  10% 
measurement  uncertainty  in  rms  beam  size  means  that 
3a  of  Gaussian  error  distribution  is  10%.  In  reality  this 
uncertainty  includes  pulse-to-pulse  jitter  and  measurement 
uncertainties  in  rms  beam  sizes.  Also  we  use  a  beam 
distribution  including  mismatch  as  stated  in  the  third 
bullet.  30%  mismatch  means  that  the  beam  distribution  is 
transformed  by  x  -»  1.3x  where  a=0  and  momentum  is 
adjusted  accordingly  to  preserve  phase  space  area.  By 
doing  so,  we  can  study  die  effect  of  unknown  mismatch 
present  in  the  real  beam  and  can  see  how  reliable  the 
matching  routine  is.  It  should  be  noted  that  these  are  very 
pessimistic  assumptions. 


*  SNS  is  managed  by  UT-Battelle,  LLC,  under  contract  DE-AC05- 
OOOR22725  for  the  U.S.  Department  of  Energy. 
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Measurement  accuracy  in  this  note  is  defined  by  the 
accuracy  of  rms  beam  size  converted  from  the  wire- 
scanner  data  or  emittance  data.  20%  measurement 
uncertainty  means  that  3  c  of  Gaussian  uncertainty 
distribution  is  20%  of  the  actual  value. 

In  simulation  test,  optimization  is  done  using  a 
minimization  routine  of  MATLAB®.  This  routine  uses 
the  simplex  search  method  [3].  This  is  a  direct  search 
method  that  does  not  use  numerical  or  analytic  gradients. 
The  optimization  procedure  consists  of  20  iterations. 
Simulations  are  carried  out  from  DTL  tank  6  (the  last  DTL 
tank)  to  the  end  of  SCL  (Superconducting  linac)  to 
explore  the  matching. 

MATCHING  MEET  TO  DTL 

Matching  with  wire-scanners 
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Figure  1:  x  rms  beam  size  [cm]  vs.  quadrupole  strength 
change.  The  wire  scanner  is  located  at  the  end  of  DTL 
tank  1.  0.1  Quad  K  deviation  means  that  quadrupole 
gradient  is  1 1 0%  of  design  value  (that  is  1 0%  more). 


-“•—Quadl  *  Quad2  Quad3  Quad4 


Figure  2:  y  rms  beam  size  [cm]  vs.  quadrupole  strength 
change.  The  wire  scanner  is  located  at  the  end  of  DTL 
tank  1. 

The  behavior  of  rms  beam  sizes  is  investigated  with 
respect  to  the  four  matching  quadrupole  gradients  at  the 
end  of  MEBT.  Figures  1  and  2  strongly  indicate  that 
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there  could  be  more  than  one  solution  that  generates  the 
prescribed  x  and  y  rms  beam  sizes.  And  the  variation  of 
rms  beam  sizes  is  quite  nonlinear.  Therefore  it  is  expected 
that  the  matching  result  won’t  be  so  robust.  As  an 
alternative,  we  try  using  the  rms  emittance. 

Matching  with  rms  emittances 

The  behavior  of  rms  emittances  with  respect  to  the 
gradient  change  of  the  four  MEBT  matching  quadrupoles 
and  rf  phase  and  amplitude  offset  of  DTL  tank  1  are 
studied.  Figures  3  and  4  indicate  that  rms  emittance  is 
minimum  when  matching  is  proper  and  that  there  exists 
only  one  minimum.  In  the  case  where  DTL  tank  1  rf 
amplitude  and  phase  are  varied  (see  Figs  3  and  4),  this 
alters  transverse  matching  due  to  the  change  of  transverse 
rf  defocusing  force  and  the  design  matched  condition  is 
no  longer  matched. 
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Figure  3:  Plots  of  x  emittance  in  cm-mrad  with  respect  to 
the  change  of  quadrupole  gradient.  0.1  on  x-axis  means 
quadrupole  strength  is  off  by  +10%  of  design  value. 
When  the  gradient  of  quadrupole  1  is  varied,  the  gradients 
of  the  rest  three  quadrupoles  are  set  to  its  design  values. 


distribution  are  equal  to  20%  of  the  measured  quantity, 
“before  opt”  means  the  rms  emittances  before 
optimization.  Compared  with  design  values,  a  reasonable 
level  of  transverse  matching  can  be  accomplished  using 
rms  emittances.  20%  measurement  error  seems  tolerable. 
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Figure  5:  Plots  of  rms  emittances  vs.  emittance 
measurement  errors.  20%  error  means  that  20% 
measurement  error  is  included  in  rms  emittance  values, 
which  means  that  3  a  of  normal  error  distribution  are 
equal  to  20%  of  the  quantity. 
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Figure  4:  Plots  of  y  emittance  in  cm-mrad  with  respect  to 
the  change  of  quadrupole  strength.  0.1  on  x-axis  means 
quadrupole  strength  is  off  by  +10%  of  design  value. 
When  die  gradient  of  quadrupole  1  is  varied,  the  gradients 
of  the  rest  three  quadrupoles  are  set  to  design  values. 

Figure  5  shows  the  x  and  y  rms  emittances  after 
optimization  vs.  various  levels  of  measurement  error  from 
0%  to  20%.  20%  error  on  x-axis  means  20%  emittance 
measurement  error.  This  means  that  3a  of  normal  error 


MATCHING  DTL  TO  CCL  AND  CCL  TO 
SCL 

We  study  the  transverse  matching  scheme  of  DTL  to 
CCL  (and  CCL  to  SCL)  by  minimizing  the  envelope 
beating  using  multiple  wire-scanners  placed  in  series  [4]. 
It  is  possible  that  machine  may  not  be  running  smoothly 
enough  during  the  commissioning  stage.  So  it’s  better  to 
do  matching  by  a  series  of  short  optimization  pieces.  The 
20-iteration  optimization  is  estimated  to  take  up  to  two 
hours. 

Simulation  results  indicate  that  minimum  number  of 
wire-scanners  is  mainly  dependent  on  the  uncertainty 
between  the  model  matching  condition  and  the  actual  one. 
When  10%  uncertainty  in  initial  matching  quad  gradient 
is  assumed,  four  wire-scanners  are  required  to  obtain 
reasonable  matching  and  the  scheme  is  tolerant  of  up  to 
20%  (at  3a)  measurement  uncertainty  in  the  rms  beam 
size.  Plots  of  rms  emittance  from  the  CCL  to  SCL  are 
shown  in  Fig.  6  for  two  different  measurement 
uncertainties  of  rms  beam  sizes,  namely  0%  and  10%. 
20%  uncertainty  in  the  initial  matching  condition  is 
assumed.  These  are  results  when  four  wire-scanners  are 
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used.  Unlike  the  baseline  configuration  of  wire-scanners, 
reasonable  matching  is  obtained  with  10%  or  more 
measurement  uncertainty.  It  should  be  noted  that  the 
resulting  match  is  better  as  there  is  less  fluctuation  in  the 
rms  emittance  compare  with  Fig.  7.  The  beam  envelope 
profiles  in  Fig.  7  are  superior  to  those  in  Fig.  8  for  the 
same  10%  rms  beam  size  uncertainty.  Beam  profiles 
obtained  from  using  wire-scanners  not  in  series  for 
matching  are  shown  in  Fig.  8. 


Figure  8:  Trace3D  plots  after  matching  using  wire- 
scanners  (red  arrows)  not  in  series  which  are  indicated  by 
red  arrows. 


CONCLUSIONS 

Most  desirable  ways  of  performing  transverse  matching 

are  presented: 

•  Transverse  matching  of  MEBT  to  DTL  will  be 
done  by  minimizing  rms  emittances. 

•  Transverse  matching  of  DTL  to  CCL  and  CCL  to 
SCL  will  be  done  using  four  wire-scanners  in 
series. 

•  The  proposed  schemes  are  tolerant  of  measurement 
uncertainties,  pulse-to-pulse  jitters  and  beam 
mismatch,  as  well  as  it  generates  better  matching. 

•  Measurement  accuracy  better  than  20%  is  required 
for  the  proposed  scheme  to  accomplish  transverse 
matching. 
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Figure  6:  Plots  of  rms  emittance  for  the  cases  with  10% 
(the  top  plot)  and  20%  rms  beam  size  measurement 
uncertainties  (the  bottom  plot).  Four  wire-scanners  are 
used  in  series. 


Figure  7:  Trace3D  [5]  plots  of  beam  envelopes  after 
matching  with  1 0%  rms  beam  size  uncertainty  using  four 
wire-scanners  (red  arrows)  in  series. 


2654 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


RECENT  RESULTS  FROM  THE  PAUL  TRAP  SIMULATOR  EXPERIMENT 
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Abstract 

The  Paul  Trap  Simulator  Experiment  (PTSX)  is  a  com¬ 
pact  laboratory  facility  whose  purpose  is  to  simulate  the 
nonlinear  dynamics  of  intense  charged  particle  beam  prop¬ 
agation  over  large  distances  through  an  alternating-gradient 
transport  system.  The  simulation  is  possible  because  the 
quadrupole  electric  fields  of  the  cylindrical  Paul  trap  exert 
radial  forces  on  the  charged  particles  that  are  analogous  to 
the  radial  forces  that  a  periodic  focusing  quadrupole  mag¬ 
netic  field  exert  on  the  beam  particles  in  the  beam  frame. 
Initial  experiments  clearly  demonstrate  the  loss  of  confine¬ 
ment  when  the  vacuum  phase  advance  av  of  the  system 
exceeds  90°.  Recent  experiments  show  that  PTSX  is  able 
to  successfully  trap  plasmas  of  moderate  intensity  for  thou¬ 
sands  of  equivalent  lattice  periods. 

INTRODUCTION 

The  Paul  Trap  Simulator  Experiment  (PTSX)  is  a  cylin¬ 
drical  Paul  trap  whose  purpose  is  to  simulate  the  dynam¬ 
ics  of  charged  particle  beams  in  alternating-gradient  (AG) 
magnetic  transport  systems  [1].  The  transverse  electrostatic 
forces  that  PTSX  exerts  on  the  plasma  are  of  the  same  form 
as  the  transverse  forces  that  the  quadrupole  magnets  exert 
on  a  beam  in  an  AG  system  [1,2].  Moreover,  the  self-fields 
can  be  expressed  in  analogous  forms  so  that  the  transverse 
dynamics  of  both  systems  are  described  by  a  similar  set  of 
equations.  Because  of  the  long  confinement  times  of  ions 
in  PTSX  relative  to  the  oscillation  frequency  of  the  trap 
voltage,  PTSX  is  capable  of  simulating  the  beam  dynamics 
over  equivalent  propagation  distances  of  many  kilometers. 
The  waveform  of  the  trap  voltage  is  controlled  by  an  arbi¬ 
trary  function  generator  so  that  the  waveform  can  be  varied 
in  order  to  study  a  wide  variety  of  beam  physics  topics. 

The  PTSX  device  is  able  to  study  intense  beams  in  which 
the  space-charge  is  non-negligible  and  the  normalized  in¬ 
tensity  parameter  s  =  (where  up  is  the  plasma 

frequency,  and  uq  is  the  smooth  focusing  applied  betatron 
frequency)  approaches  unity.  Such  intense  beams  are  of 
increasing  interest  due  to  their  relevance  to  high-energy 
physics,  heavy  ion  fusion,  spallation  neutron  sources,  tri¬ 
tium  production,  and  nuclear  waste  transmutation  [3,  4]. 
Our  goal  is  to  study  the  properties  of  high-intensity  beams 
where  the  self-field  effects  can  significantly  alter  beam 
equilibrium,  stability  and  transport  properties. 

In  this  paper,  a  brief  description  of  the  machine  is  pre¬ 
sented,  including  several  modifications  to  the  original  de¬ 
sign.  Then,  the  operating  parameter  regimes  of  the  ion 
source  and  the  trap  itself  are  discussed.  Finally,  recent  ex- 
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perimental  results  on  the  loading  and  trapping  of  emittance- 
dominated  one-component  plasmas  are  shown. 


APPARATUS 

Details  of  the  PTSX  apparatus  appear  in  Ref.  [5]  and 
so  only  a  brief  description  is  given  here.  The  PTSX  de¬ 
vice  consists  of  three  cylindrical  electrodes  of  radius  rw  = 
10  cm  that  are  sliced  into  four  90°  sectors  as  shown  in 
Fig.  1.  The  central  electrode  has  length  2L  =  2  m  while 
the  end  electrodes  are  each  40  cm  long.  The  trap  confines 
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Figure  1:  The  PTSX  device  consists  of  three  of  cylindrical 
electrodes,  each  sliced  into  four  90°  sectors.  An  oscillating 
voltage,  ±Vo  (t),  confines  the  plasma  radially  to  a  radius 
rp.  Static  voltages,  +V  confine  the  ions  axially. 

charged  particles  (presently  cesium  ions)  radially  by  ap¬ 
plying  a  periodic  voltage  ±Vo(£)  to  the  four  sectors.  In  the 
limit  of  high  frequency,  this  creates  a  ponderomotive  force 
that  points  radially  inwards;  note,  however,  that  the  trap 
need  not  operate  in  this  limit  to  effectively  confine  parti¬ 
cles.  A  dc  voltage,  +V,  applied  to  the  end  electrodes  con¬ 
fines  the  ions  axially.  The  ratio  L/rw  is  large  in  order  to 
minimize  the  effects  of  the  ions  bouncing  off  of  the  dc  end- 
potentials  as  these  effects  are  outside  of  the  analogy.  If  the 
plasma  radius  rp  is  small  compared  to  rw,  then  the  fields 
from  the  walls  are  almost  purely  quadrupolar  with  correc¬ 
tions  on  the  order  of  ( rp/rw )4.  For  PTSX,  V0  max  <  400  V, 
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V  —  150  V,  and  the  frequency  /  of  the  oscillating  voltage 
is  less  than  150  kHz. 

For  the  sinusoidal  oscillations  used  to  date,  uq  = 
4eVo  max/ V2m,'K2rl)f.  Values  of  the  vacuum  phase  ad¬ 
vance  (crv  —  uq  //)  from  0°  to  beyond  90°  are  easily  acces¬ 
sible  by  the  proper  choice  of  V0  max  and  f  as  demonstrated 
in  Fig.  2.  For  the  experiments  presented  here,  V0  max  = 
235  V  and  /  =  75  kHz,  so  that  wq  —  6.51  x  104  s”1  and 
=  49.7°. 


Figure  2:  In  the  (Vo max,/)  parameter  space,  curves  of 
constant  av  are  parabolae,  while  the  curves  of  constant  u)q 
are  straight  lines. 

The  PTSX  device  normally  operates  in  a  load — trap — 
dump  cycle.  During  loading(dumping),  the  short  electrodes 
on  the  source(diagnostic)  end  of  the  machine  are  made  to 
oscillate  with  the  same  voltages,  ±Vo(t),  as  the  long  elec¬ 
trodes,  which  allows  the  ions  to  pass.  When  dumped,  the 
ions  strike  a  Faraday  cup  that  has  a  collection  aperture  with 
a  diameter,  2rap  —  1  cm  [Fig.  3(b)].  Either  the  charge  or 
the  average  current  can  be  measured  with  an  electrometer 
to  determine  the  radial  plasma  density  profile. 

There  have  been  two  modifications  to  PTSX  since  the 
device  was  described  in  Ref.  [5]:  the  ion  source  has  been 
improved,  and  the  Faraday  cup  enclosure  has  been  en¬ 
larged.  A  Pierce  electrode  has  been  added  to  the  ion  source 
assembly  that  employs  an  aluminosilicate  cesium  source, 
an  acceleration  grid,  and  a  deceleration  grid  to  provide  the 
ions  [Fig.  3(a)].  Adjusting  the  biases  on  the  grids  allows  the 
current  Is  that  streams  into  the  trap, and  the  ion  energy  E  to 
be  varied  independently.  The  Faraday  cup  enclosure  now 
shields  the  top,  bottom,  left,  and  right  sides  of  the  Faraday 
cup  from  stray  ionsfFig.  3(b)] . 

EXPERIMENTAL  RESULTS 

We  expect  that  Is  should  follow  the  Child-Langmuir 
Ve/2  scaling  with  the  extraction  voltage  Ve.  The  current  I8 
is  measured  by  allowing  the  ions  to  “free  stream”  directly 
from  the  ion  source  to  the  Faraday  cup  where  they  are  col¬ 
lected  on  the  shield  enclosure  itself  rather  than  through  the 


Figure  3:  (a)  A  Pierce  electrode  has  been  added  to  the  ce¬ 
sium  ion  source,  (b)  The  Faraday  cup  shield  has  been  ex¬ 
tended  to  more  completely  block  stray  ions. 


aperture.  There  is  no  axial  trapping  in  this  mode  of  oper¬ 
ation.  The  data  in  Fig.  4  shows  that  I8  is  linear  for  small 
Ve  and  even  sub-linear  at  larger  Ve.  Despite  the  departure 
from  Child-Langmuir,  this  control  gives  us  a  wide  range  of 
currents  to  use  for  loading  the  trap. 


Figure  4:  Rather  than  the  Ve3/2  scaling  of  the  Child- 
Langmuir  law,  the  current  extracted  from  the  ion  source 
depends  linearly  on  the  extraction  voltage. 

Initial  PTSX  results  confirmed  the  existence  of  the  enve¬ 
lope  instability  and  loss  of  confinement  for  av  =  90°  [6]. 
This  measurement  was  made  with  the  ions  “free  stream¬ 
ing”.  In  the  absence  of  space-charge  effects,  the  transverse 
orbits  are  governed  by  Matthieu’s  equation,  and  the  system 
parameters  must  be  chosen  so  that  the  single-particle  orbits 
are  stable.  Indeed,  if  system  parameters  are  chosen  so  that 
the  vacuum  phase  advance  is  greater  than  90°,  no  ions  sur¬ 
vive  the  2.6  m  transit  from  the  ion  source  to  the  Faraday 
cup. 

Subsequent  experiments  investigated  properties  of 
trapped  plasmas,  such  as  loading  time  effects,  radial  pro¬ 
files,  and  lifetimes.  A  radial  profile  is  shown  in  Fig.  5  for 
which  the  ions  were  loaded  for  5  ms,  trapped  for  1  ms, 
and  then  dumped.  This  trapped  plasma  corresponds  to  pa¬ 
rameters  for  which  Is  =  5  nA.  Because  the  transit  time 
of  an  ion  along  the  PTSX  device  is  on  the  order  of  mil¬ 
liseconds,  a  loading  time  of  1  ms  is  inadequate  to  fully 
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load  the  trap.  We  observe  that  the  amplitude  of  the  ra¬ 
dial  profile  nearly  doubles  if  we  allow  loading  to  occur 
for  more  than  two  transit  times.  The  profile  is  Gaus¬ 
sian  in  shape,  consistent  with  one-component  plasmas  that 
are  relatively  hot,  or  emittance-dominated.  In  thermal 
equilibrium,  the  average  density  profile  is  proportional  to 
exp[(— e0— ma^r2/2)/A;T].  Therefore,  if  the  space  charge 
is  negligible,  so  that  <j>  can  be  ignored,  then  the  radial  pro¬ 
file  will  be  nearly  Gaussian.  For  a  space-charge-dominated 
beam,  the  radial  profile  will  approach  a  flat-top  distribution 
[3].  It  is  not  known  whether  the  0.7  cm  offset  is  due  to  elec¬ 
trode  asymmetries,  distortion  of  the  ion  trajectories  due  to 
the  Faraday  cup,  or  to  misalignment  of  the  Faraday  cup. 


Figure  5:  The  charge  collected  in  the  Faraday  cup  through 
the  1  cm  aperture.  The  trap  walls  are  at  rw  =  ±10  cm. 

It  is  assumed  that  the  number  density  n(r)  is  given  by 
the  total  charge  Q(r)  collected  through  the  1  cm  aper¬ 
ture  divided  by  the  volume  7rr2p2L.  The  line  density, 
N  —  J  n{r)2itrdr,  can  be  measured  in  two  complemen¬ 
tary  ways:  by  using  Is  and  E,  or  by  using  n(r).  Having 
measured  Is  and  E  previously,  the  line  density  is  given  by 
N  =  2  x  5.2  x  107  I(fiA)/y/E(eV)  cm-1.  The  factor 
of  two  is  a  phenomenological  factor  that  accounts  for  the 
ions  that  bounce  and  travel  back  towards  the  ions  source 
during  a  loading  that  is  longer  than  twice  the  transit  time. 
Alternatively,  n(r)  can  be  integrated  numerically.  In  the 
present  case,  where  n(r)  is  Gaussian,  the  fit  parameters  of 
the  Gaussian  fit  are  used.  These  methods  agree  to  within 
a  factor  of  3.  The  difference  could  arise  because  the  ulti¬ 
mate  energy  of  the  injected  ions  may  not  be  given  simply 
by  the  grid  biases,  but  rather  influenced  by  space-charge 
effects  such  as  the  formation  of  a  virtual  cathode,  or  per¬ 
haps  because  the  influence  of  the  trapping  voltage  V  causes 
the  plasma  to  have  a  length  shorter  than  2 L.  For  the  data 
in  Fig.  5,  the  Gaussian  fit  gives  rc(0)  =  1.2  x  105  cm-3, 
which  implies  that  s  =  0.18  and  N  =  7.1  x  105  cm-1. 

The  reproducibility  of  the  system  allows  us  to  measure 
the  time  evolution  of  the  plasma  by  measuring  the  radial 
profiles  of  plasmas  held  for  different  times.  Figure  6  shows 
that  for  a  plasma  corresponding  to  an  initial  intensity  pa¬ 


rameter  s  —  0.13,  N  decays  slowly  with  time.  As  1  s  is 
the  approximate  timescale  for  ion-ion  and  ion-neutral  col¬ 
lisions,  it  suggests  that  confinement  is  otherwise  quite  good 
until  collisions  cause  transport  and  plasma  loss.  Even  so, 
a  plasma  lifetime  of  one  second  allows  for  approximately 
105  oscillation  periods,  and  this  would  correspond  to  an 
AG  system  that  is  100  km  long  if  the  magnet  period  is  1  m. 


Hold  Time  (ms) 


Figure  6:  The  line  density,  AT,  stays  relatively  steady  for 
several  hundred  milliseconds  before  charge  is  gradually 
lost  from  the  trap. 


CONCLUSIONS 

By  demonstrating  that  PTSX  can  create  and  trap  plas¬ 
mas  that  are  well-behaved  for  hundreds  of  milliseconds, 
even  for  s  —  0.13,  the  opportunity  exists  to  perform  ex¬ 
periments  in  which  the  intensity  parameter  5  is  extended 
towards  unity,  and  in  which  the  oscillating  voltage  wave¬ 
form  on  the  trap  walls  is  varied  in  order  to  simulate  various 
beam  physics  phenomena. 

This  research  was  supported  by  the  U.S.  Department  of 
Energy. 
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Abstract 

The  longitudinal  and  transverse  dynamics  of  a  heavy  ion 
fusion  beam  during  the  drift  compression  and  final  focus 
phase  is  studied.  A  lattice  design  with  four  time-dependent 
magnets  is  described  that  focuses  the  entire  beam  pulse 
onto  a  single  focal  point  with  the  same  spot  size. 

LONGITUDINAL  DRIFT  COMPRESSION 

In  the  currently  envisioned  configurations  for  heavy  ion 
fusion,  it  is  necessary  to  longitudinally  compress  the  beam 
bunches  by  a  large  factor  after  the  acceleration  phase  and 
before  the  beam  particles  are  focused  onto  the  fusion  target. 
The  objective  of  drift  compression  is  to  compress  a  long 
beam  bunch  by  imposing  a  negative  longitudinal  velocity 
tilt  over  the  length  of  the  beam  in  the  beam  frame.  Be¬ 
cause  the  space-charge  force  increases  as  the  beam  is  com¬ 
pressed,  either  a  larger  focusing  force  is  needed  to  confine 
the  beam  in  the  transverse  direction  or  the  beam  radius  will 
grow.  It  is  advantageous  to  have  a  non-periodic  quadrupole 
lattice  along  the  beam  path  when  the  beam  is  undergoing 
longitudinal  compression.  In  this  paper,  we  describe  the 
design  of  such  a  lattice  with  four  final  focusing  magnets 
that  focus  the  beam  onto  the  target.  The  designed  lattice 
is  expected  to  apply  for  the  entire  beam  pulse.  In  particu¬ 
lar,  different  slices  should  be  focused  onto  the  same  focal 
point  at  the  target.  This  is  difficult  with  a  fixed  lattice  if 
the  beam  current  or  velocity  varies  during  the  pulse.  One 
solution  is  to  use  a  time-dependent  lattice  which  provides  a 
different  focusing  strength  for  different  slices  of  the  beam 
pulse.  We  demonstrate  that  the  entire  pulse  can  be  com¬ 
pressed  and  focused  onto  the  same  focal  point  on  the  tar¬ 
get  by  using  four  time- varying  quadrupole  magnets  at  the 
very  beginning  of  drift  compression.  The  following  set  of 
beam  parameters  typical  of  heavy  ion  fusion  is  used  in  the 
present  study.  We  consider  a  Cs+  beam  with  rest  mass 
m  =  132.9  amu,  kinetic  energy ‘(7  -  l)me2  =  2.43  GeV, 
and  initial  beam  half-length  zb0  =  5.85  m.  The  goal  is  to 
compress  the  beam  by  a  factor  of  21.8.  The  final  average 
current  is  taken  to  be  (If)  —  2254  A. 

We  use  a  one-dimensional  warm-fluid  model  [1,  2]  to 
describe  the  longitudinal  dynamics  of  drift  compression. 
For  the  longitudinal  electric  field,  the  conventional  ^-factor 
model  is  adopted,  with  eEz  =  -  (ge2  fa2)  dX/dz  and 
g  =  2  In  (rw/rb).  Here,  e  is  the  charge,  A (f,  z)  is  the  line 
density,  rw  is  the  wall  radius,  and  rb  is  the  average  beam 
radius.  We  also  allow  for  an  externally  applied  axial  focus- 
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ing  force  Fz  =  —kzz.  In  the  beam  frame,  the  warm-fluid 
equations  for  the  line  density  A (£,  z))  longitudinal  velocity 
vz(t,  z ),  and  longitudinal  pressure  pz(t,  z)  are  given  by 


ax 

dt 


+  A(A^)  =  0, 


—+v  —  1  g2g  —  1  KzZ  1  d  dpz 
dt  dz  m75  dz  m'y3  my3\  dz 


=  0, 


dp* 

dt 


dpz  n  dvz 
+  Vz~dz  +  ^Pz~dz  =  °  ' 


(1) 


We  treat  g  and  rb  as  constants  for  present  purposes.  Among 
all  of  the  self-similar  solutions  [1]  admitted  by  the  nonlin¬ 
ear  hyperbolic  partial  differential  equation  system  (1),  the 
parabolic  self-similar  solution  is  the  most  suitable  for  the 
purpose  of  drift  compression,  and  has  the  form  of  [1] 


(l  -  ^j)  .  ^  -  -»..(«)• 

(2) 

Following  the  derivation  in  [1],  we  obtain  the  familiar  lon¬ 
gitudinal  envelope  equation 


zb  1  2  1  _ 

J~2  +  «***>  -  **3  -  =  °>  (3) 

zb  zb 

where  s  =  Pet  is  the  normalized  time  variable,  Kz  = 
3Nbe2g/2m'y5p2c2  is  the  effective  longitudinal  self-field 
perveance,  Nb  is  the  total  number  of  particles  in  the  bunch, 

and  si  =  (ArbW/m'ysp2c2)1^2  is  the  longitudinal  emit- 
tance.  In  the  drift  compression  scheme  considered  in  this 
paper,  the  longitudinal  emittance  is  taken  to  be  ex  =  1.0  x 
10“5  m,  where  Kz  =  2.88  x  10-5  m  ,  corresponding  to  an 
average  final  current  (If)  —  2254  A,  zbf  =  0.268  m,  and 
g  =  0.81.  An  initial  longitudinal  focusing  force  is  imposed 
for  5  <  150  m  so  that  the  beam  acquires  a  velocity  tilt 
zh  —  —0.0143  at  sb  =  150  m.  The  axial  beam  size  zb(s), 
obtained  numerically  from  the  Eq.  (3),  is  plotted  together 
with  the  velocity  tilt  zb(s)  in  Fig.  1.  A  pulse  shaping  tech¬ 
nique  has  also  been  demonstrated  so  that  any  initial  pulse 
shape  can  be  shaped  into  a  parabolic  one  which  can  then  be 
self-similarly  compressed  [1,2]. 


LATTICE  AND  TRANSVERSE  DYNAMICS 

For  each  slice  in  a  bunched  beam,  the  transverse  dynam¬ 
ics  in  a  quadrupole  lattice  is  described  approximately  by 
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Figure  1:  Dynamics  of  the  beam  half-length  zb(s). 


the  transverse  envelope  equations: 


d2a(s,  z) 

ds2  +  Kqd(s,  z) 

2K(s,  z) 

4 

_ n 

a(s,  z)  +  b(s,  z) 

a(s,z )3 

—  u. 

d2b(s,  z)  lf  N 

d$2  KqK^z)- 

2  K(s,z) 

e2 

_  A 

a(s,  z)  +b(s ,  z) 

b(s,  z)3 

(4) 

where  K(s,z)  =  2e2Xb(s)[l  -  z2 /z2(s)\/mj3P2c2zb(s) 
is  the  transverse  perveance.  Here,  2  is  the  longitudinal 
coordinate  for  different  slices,  which  enters  the  equations 
only  parametrically.  Because  K  (s,  z)  is  an  increasing  func¬ 
tion  of  s,  it  is  advantageous  to  increase  the  strength  of 
Kq(s)  to  reduce  the  expansion  of  the  beam  radius.  Since 
the  quadrupole  lattice  is  not  periodic,  the  concept  of  a 
“matched  beam”  is  not  well  defined.  However,  if  the  the 
non-periodicity  is  small,  we  can  seek  an  “adiabatically- 
matched”  beam  [1].  We  describe  here  the  design  of  a 
non-periodic  lattice  which  provides  the  required  control  of 
beam  radius  when  the  beam  is  compressed.  The  drift  com¬ 
pression  and  final  focus  lattice  should  apply  for  all  slices 
in  a  bunched  beam.  In  particular,  each  slice  of  the  beam 
should  be  focused  onto  the  same  focal  point  at  the  target.  A 
fixed  lattice  designed  for  one  slice  of  the  beam  will  not  fo¬ 
cus  other  slices  onto  the  same  focal  point.  Actually,  most  of 
the  other  slices  cannot  be  focused  at  all  due  to  their  differ¬ 
ent  perveance  and  emittance.  Our  goal  can  be  achieved  by 
designing  a  drift  compression  and  final  focus  lattice  for  the 
central  slice  (z  —  0),  and  then  replacing  four  quadrupole 
magnets  at  the  beginning  of  the  drift  compression  by  four 
time-dependent  magnets  whose  strength  varies  about  the 
design  values  for  the  central  slice.  The  time-dependent 
magnets,  which  provide  a  slightly  different  focusing  lat¬ 
tice  for  different  slices,  are  placed  at  the  beginning  of  the 
drift  compression  because  the  engineering  constraints  of 
time  dependent  magnets  are  generally  easier  at  the  100  ns 
timescale  than  they  are  at  the  10  ns  timescale. 

First,  we  design  the  drift  compression  and  final  focus 
lattice  for  the  central  slice  at  z  =  0.  It  is  intuitive  that  a 
lattice,  which  keeps  both  the  vacuum  phase  advance  and  the 
depressed  phase  advance  constant,  is  less  likely  to  induce 
beam  mismatch  [3].  Constant  vacuum  phase  advance  and 
constant  depressed  phase  advance  requires  (when  77  «d 

1)2  (m)  l 1 = const-' K  (H)  = consi-’  (5) 


where  77  is  the  filling  factor,  L  is  the  lattice  period,  Bf  is 
field  gradient  of  the  magnets,  and  (a)  is  the  average  beam 
radius.  For  the  drift  compression  scheme  considered  here, 
Kf/K 0  =  21.8.  If  we  allow  (a)  to  increase  by  a  factor  of 
2.33,  i.e.,  {a)f  /  (a)0  =  2.33,  we  obtain  Lf/Lo  =  1/2, 
and  (r]B,)f/(r]B,)o  =  4.  We  also  need  to  specify  77,  Bf , 
and  L.  If  we  choose  Li  =  L0  exp  [-  (In  2)  Si/sf] ,  and 
Bi  =  const .,  then  from  Eq.  (5),  rji  =  rj0  exp  [(In  4)  Si/sj] , 
where  Si  =  X^-=o  A?  ■  We  also  choose  self-consistently 
the  following  system  parameters:  av  —  72°,  B[  — 
31.70  T/m,  L0  =  6.72  m,  and  770  =  0.0725.  The  fo¬ 
cusing  strength  of  each  magnet  is  k  =  0.38  m“2  .  Let  N 
denote  the  total  number  of  quadrupole  magnet  sets.  From 
sf  =  Lj,  we  obtain  N  =  53. 
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Figure  2:  Envelope  dynamics  for  the  central  slice. 

The  resulting  lattice  design  is  illustrated  in  Fig.  2  to¬ 
gether  with  the  solutions  to  the  transverse  envelope  equa¬ 
tions.  After  determining  the  non-periodic  lattice  layout,  we 
search  iteratively  for  the  adiabatically-matched  solutions. 
The  solutions  plotted  in  Fig.  2  are  adiabatically-matched 
because  the  envelope  is  locally  matched  and  contains  no 
oscillations  other  than  the  local  envelope  oscillations.  On 
the  global  scale,  the  beam  radius  increases  monotonically. 
From  the  numerical  solution  shown  in  Fig.  2,  the  average 
beam  size  increases  by  a  factor  of  2.33,  which  agrees  with 
the  design  assumption.  The  final  focus  magnets,  consist¬ 
ing  of  four  quadrupole  magnets  with  different  strength,  will 
assure  that  the  envelope  converge  in  both  directions  at  the 
exit  of  the  last  focusing  magnet  (both  a'  and  b'  are  nega¬ 
tive  ).  Right  after  the  last  focusing  magnet,  the  beam  enters 
the  neutralization  chamber  where  the  space-charge  force  is 
neutralized  and  the  beam  is  focused  onto  a  focal  point  at 

Zfot = ■  d^di S=S]1 ’  (6) 
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where  ZfQi  is  the  distance  between  the  focal  point  and  the 
exit  from  the  last  final  focus  magnet,  and  Sfj  is  the  distance 
from  the  beginning  of  the  drift  compression  to  the  exit  from 
the  last  final  focus  magnet.  It  is  necessary  that  a/  (da /ds) 
and  b/  (db/ds)  have  the  same  value  at  s  —  Sff  for  a  fo¬ 
cal  point  to  exist.  The  transverse  spot  size  measured  by 
the  envelope  amplitudes  at  the  focal  point  a  foi  and  bfoi  is 
determined  by  the  emittance  and  incident  angle  at  s  =  Sff, 

afo1  =  d^[=Sff  ’  bf°l  =  dVd~s 

For  the  central  slice  at  z  =  0,  we  obtain  Zfot  = 
5.276  m,  and  afQi  =  bfQi  —  1.22  mm, 

For  other  slices  (z  0),  the  objective  is  to  manipulate 
the  beam  and  magnet  configuration  so  that  the  beam  par¬ 
ticles  can  be  focused  onto  a  focal  region  with  the  same  or 
smaller  spot  size, 

Zfoi  —  5.276  m,  aj0i  «  bjQi  <  1.22  mm.  (8) 

We  observe,  for  the  line  density  profile  A (s,  z)  =  A&(s)  [1  - 
z2/zb(s)\i  the  solution  to  the  transverse  envelope 
equations  for  all  of  the  slices  can  be  scaled  down  from  that 
of  the  central  slice  according  to 


-  (7) 

S=Sff 


a(s,  z) 
b(s,  z) 
da(s ,  z)/ds 
db(s ,  z)/ds 


a(s,0)  \ 

6(s,0) 

da(s,  0)/ds  ’ 

db(s,  0)/ds  I 


(9) 

provided  the  emittance  is  negligibly  small  or  scales  with 
the  perveance  according  to  (eX)  ey)  a  1  -  z^/zKs).  How¬ 
ever,  the  emittance  in  general  is  small  but  not  negligible, 
and  does  not  scale  with  the  perveance.  In  fact,  during  adi¬ 
abatic  drift  compression  or  pulse  shaping,  the  emittance 


scales  with  the  beam  size,  i.e.,  ex  a  a  and  ey  a  b.  In 
this  paper,  we  assume  that  the  initial  emittance  scales  with 


beam  size,  and  that  for  each  longitudinal  slice  the  normal¬ 
ized  emittance  is  conserved.  This  implies  that  the  scaling 
in  Eq.  (9)  and  the  requirement  in  Eq.  (8)  can’t  be  satisfied. 

One  solution  to  this  difficulty  is  to  vary  the  strength  of 
four  magnets  in  the  very  beginning  of  the  drift  compres¬ 
sion  for  different  value  of  z  such  that  the  desired  scaling 
in  Eq.  (9)  holds  at  5  =  Sff .  Combined  with  Eqs.  (6)  and 
(7),  this  will  guarantee  the  satisfaction  of  the  requirement 
in  Eq.  (8).  This  is  a  viable  solution  because  the  emittance, 
and  therefore  the  departure  from  the  desired  scaling,  are 
small.  Numerically,  the  necessary  variation  of  the  strength 
of  the  magnets  is  found  by  a  4D  root-searching  algorithm. 
Shown  in  Fig.  3  is  the  dynamics  of  a (5,  z)  and  b(sy  z)  for 
z/zb(s)  =  0.968,  when  the  strength  of  the  3rd,  5th,  7th  and 
9th  magnets  are  modified  to  satisfy  Eq.  (9)  at  s  =  Sff.  The 
initial  conditions  are  taken  to  be  those  satisfying  Eq.  (9)  at 
s  =  0.  As  evident  for  Fig.  3,  a  small  perturbation  in  the 
strength  of  the  magnets  introduces  a  small  envelope  mis¬ 
match  in  such  a  way  that  Eq.  (9)  is  satisfied  at  s  =  sff.  We 
note  that  a  similar  scaling  does  not  exist  for  0  <  s  <  Sff. 
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Figure  4:  Strengths  of  the  3rd,  5th,  7th,  and  9th  magnets  as 
functions  of  z/zt(s). 


Plotted  in  Fig.  4  are  the  strengths  of  the  3rd,  5th,  7th  and 
9th  magnets  as  functions  of  z  which  are  able  to  focus  the 
entire  beam  onto  a  focal  region  with  the  same  spot  size.  It 
is  also  possible  to  choose  other  sets  of  four  magnets  as  time 
dependent  ones  to  achieve  the  same  objective.  In  principle, 
we  can  use  this  method  to  correct  any  deviation  from  re¬ 
quirement  (8)  due  to  other  possible  mechanisms,  such  as 
momentum  spread  and  magnet  imperfections. 
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Abstract 

Highly  ionized  plasmas  are  being  used  as  a  medium  for 
charge  neutralizing  heavy  ion  beams  in  order  to  focus  the 
ion  beam  to  a  small  spot  size.  A  radio  frequency  (RF) 
plasma  source  has  been  built  at  the  Princeton  Plasma 
Physics  Laboratory  (PPPL)  in  support  of  the  joint 
Neutralized  Transport  Experiment  (NTX)  at  the  Lawrence 
Berkeley  National  Laboratory  (LBNL)  to  study  ion  beam 
neutralization  with  plasma.  The  goal  is  to  operate  the 
source  at  pressures  ~  10'5  Torr  at  full  ionization.  The 
initial  operation  of  the  source  has  been  at  pressures  of  10*4 
-  10'1  Torr  and  electron  densities  in  the  range  of  108  -  10u 
cm"3.  Recently,  pulsed  operation  of  the  source  has  enabled 
operation  at  pressures  in  the  10“6  torr  range  with  densities 
of  10u  cm'3.  Near  100%  ionization  has  been  achieved. 
The  source  has  been  integrated  with  the  NTX  facility  and 
experiments  have  begun. 

INTRODUCTION 

HIBALL-II  is  a  possible  heavy  ion  fusion  reactor 
design  [1].  The  final  focusing  magnets  must  focus 
multiple  heavy  ion  beams  to  a  small  spot  size  in  the  target 
chamber.  This  will  require  a  deliberate  charge 
neutralization  of  the  ion  beams.  The  plasma  will  be 
created  or  injected  into  the  drift  section  between  the  last 
magnetic  lens  and  the  reactor  chamber.  The  Neutralized 
Transport  Experiment  (NTX)  [2]  has  been  configured  to 
investigate  the  most  promising  neutralization  methods. 
One  charge  neutralization  concept  employs  a  heavy  ion 
beam  propagating  through  a  highly  ionized  plasma 
column  [3].  The  cold  plasma  ion  motion  is  neglected,  and 
electrons  from  the  cylindrical  plasma  move  into  the  beam 
channel,  reducing  the  net  positive  beam  charge  over  the 
larger  volume  of  the  plasma  channel.  For  NTX,  ion  beam 
densities  are  in  the  range  of  108  -  109  cm'3.  Present 
calculations  require  the  plasma  to  be  in  the  range  of  0.1-  2 
meters  in  length  with  an  electron  density  comparable  to  1- 
100  times  the  beam  density.  The  operating  pressure  for 
the  plasma  needs  to  be  in  the  range  of  10"6  -  10"5  Torr  to 
prevent  neutrals  from  stripping  the  beam  ions  to  higher 
charge  states.  Previous  plasma  sources  tested  operated 
continuously,  but  were  limited  to  pressures  greater  than 
0.5  mTorr.  The  heavy  ion  beams  for  fusion  will  have 
pulse  lengths  in  the  sub-microsecond  range. 
Consequently,  operating  the  plasma  source  in  a  pulsed 
mode  has  been  investigated.  Both  the  gas  feed  to  the 
source  and  the  RF  power  are  pulsed  to  achieve  near  full 
ionization  at  pressures  in  the  range  of  10"6  -  10"5  Torr 
during  the  first  few  milliseconds  of  source  operation. 


This  operation  results  in  plasma  densities  and  operating 
pressures  acceptable  for  charge  neutralization 
experiments  in  NTX.  The  source  has  now  been  installed 
on  NTX,  and  initial  experiments  have  commenced.  Here, 
the  new  pulsed  source  is  described  and  its  operating 
characteristics  are  compared  to  continuous  sources 
previously  investigated. 

CONTINUOUS  ECR  SOLENOID  SOURCE 

The  continuous  plasma  source  is  a  simple  electron 
cyclotron  resonance  (ECR)  solenoid  source.  It  is  a  4” 
diameter  cylinder  and  is  approximately  12”  long.  Simple 
16-gauge  wire  is  wound  around  the  cylinder  to  create  a 
solenoid  field.  Up  to  15  amperes  of  current  can  be 
applied  to  the  coil  to  create  a  30  gauss  field.  A  radio 
frequency  (RF)  antenna  couples  power  into  the  cylinder 
through  a  quartz  window  mounted  at  one  end  of  the 
cylinder.  The  antenna  is  a  simple  3 -turn  spiral.  The 
spiral  antenna  is  cooled  with  water  and  mounted  in  an 
enclosure  against  the  window  to  prevent  wave  leakage. 
The  source  operates  at  13  MHz  frequency  and  at  nominal 
power  levels  of  1  kW.  The  spiral  antenna  is  impedance 
matched  to  the  13  MHz  radio  frequency  source  with  a  pair 
of  tunable  capacitors  arranged  in  series  and  parallel  to  the 
antenna.  The  source  operation  near  0.5  mTorr  exhibits  an 
electron  cyclotron  resonance.  When  varying  the  field,  the 
plasma  density  is  a  maximum  when  □-  Dce  at6.2  gauss, 
and  indicates  cyclotron  wave  damping.  Here,  Dce  is  the 
electron  cyclotron  frequency.  The  operation  of  this 
source  behaves  like  similar  sources  studied  in  the 
literature.  It  has  an  operating  range  down  to  0.5  mTorr. 
Below  this  pressure  the  source  extinguishes. 

PULSED  PLASMA  SOURCE 

The  pulsed  plasma  source  (Fig.  1)  has  a  6-way  cross  at 
the  center  of  its  design.  A  turbo-pump  attached  to  one 
face  maintains  the  vacuum  while  the  gas  inlet  and  the  RF 
quartz  window  are  attached  to  the  opposite  face.  A  three- 
turn  copper  spiral  antenna  is  situated  inside  a  shielded  box 
and  faces  the  window.  The  RF  matching  network  is 
directly  connected  to  the  antenna  enclosure  and  is  tuned 
to  match  the  low  impedance  antenna  to  the  50  Ohm 
transmission  cable.  Perpendicular  to  the  turbo-pump  and 
antenna,  and  directed  into  the  page,  are  two  flanges  to  the 
6-way  cross  where  the  drift  tube  for  the  ion  beam  is 
connected.  The  plasma  drifts  into  the  center  of  the  cross, 
and  intersects  the  propagating  ion  beam.  The  source 
operates  by  applying  a  puff  of  argon  gas  and  a  pulse  of 
RF  power  to  the  antenna.  The  potential  advantages  of 
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pulsed  operation  are  that  it  can  easily  operate  at  high  peak 
RF  power  levels,  and  the  amount  of  gas  can  be  limited. 
The  plasma  density  and  the  neutral  gas  pressure  are  issues 
primarily  during  the  100  Ds  the  ion  beam  passes  through 
the  plasma.  Consequently  plasma  parameters  and  neutral 
gas  pressure  are  dynamic  quantities  and  need  to  be 
measured  as  a  function  of  time  in  order  to  evaluate  source 
operation. 


Figure  1 :  Schematic  of  pulsed  plasma  source. 

PULSED  PLASMA  DIAGNOSTICS 

A  typical  ion  gauge  controller  does  not  have  the  time 
response  to  measure  the  quick  pressure  bursts  when  a  gas 
puff  is  applied  to  the  system.  However,  by  measuring  the 
voltage  across  a  resistor  placed  in  series  with  the  ion 
gauge’s  collector  current,  the  dynamic  absolute  pressure 
in  the  plasma  source  can  be  ascertained.  The  dynamic 
pressure  measurement  is  calibrated  at  a  fixed  pressure 
while  the  pressure  gauge  is  read,  and  the  voltage  across 
the  resistor  is  recorded.  To  insure  that  the  observed  rise 
time  is  indicative  of  the  rising  gas  pressure  and  not  the  RC 
time  response  of  the  circuit,  the  pressure  measurement  for 
a  given  plasma  condition  was  repeated  with  two  different 
resistors  with  an  order-of-magnitude  difference  in 
resistance.  The  pressure  evolutions  for  the  two  resistors 
were  in  agreement.  Applying  a  5  ms  gas  puff  to  the 
plasma  source,  the  pressure  sharply  rises  to  2  mTorr  and 
pumps  away  in  1  second.  This  is  expected  to  be 
compatible  with  NTX  because  it  produces  100  Ds  ion 
beams  every  15  seconds. 

The  plasma  electron  density  was  measured  with  a 
Smart  Soft  Langmuir  probe.  It  compensates  for 
measurements  in  RF  fields  and  can  make  high  time- 
resolved  measurements  with  reproducible  plasmas.  The 


pulsed  plasma  source  was  observed  to  be  very 
reproducible  in  parameters  and  breakdown  time. 
Furthermore,  the  Langmuir  probe  is  mechanically  stepped 
through  the  plasma  source  for  spatial  measurements. 

PULSED  PLASMA  SOURCE  OPERATION 

To  operate  the  plasma  source,  the  gas  valve  and  the 
RF  power  are  triggered  at  the  same  time  (t  =  0).  In  this 
mode  it  is  easy  to  deliver  more  than  2  kW  of  RF  power  to 
the  source,  compared  to  only  1  kW  for  continuous  plasma 
source  operation.  The  power  is  measured  with  a 
directional  coupler  and  calibrated  diode.  The  source 
characteristics  for  a  net  forward  power  of  ~3.5  kW  versus 
time  are  shown  in  Fig.  2.  Before  t  =  3.75  ms,  the  plasma 
density  is  less  than  the  sensitivity  of  the  Langmuir  probe 
(~  1G7  cm'3),  and  the  neutral  pressure  is  below  the 
sensitivity  of  the  dynamic  pressure  measurement  (10'6 
Torr).  The  onset  of  breakdown  is  clearly  observed  in  the 
forward  and  reflected  RF  power  versus  time.  The  RF 
matching  network  is  adjusted  so  that  there  is  a  maximum 
net  power  delivered  to  the  plasma.  At  1=3.75  ms  the 
electron  density  is  1011  cm’3  and  simultaneous  low  neutral 
pressure.  The  ionization  fraction  for  t  =  3.75  -  4  ms  is  in 
the  range  of  50-100%.  At  later  times  the  power  density  is 
not  sufficient  to  sustain  the  ionization  fraction,  and  the 
neutral  density  rises  faster  than  the  electron  density. 


Time  (ms) 

Figure  2:  Time  evolution  of  neutral  gas  pressure  and 
plasma  electron  density  (solid  circles)  in  the  pulsed 
plasma  source. 

One  upgrade  under  consideration  is  to  replace  the  gas 
valve  with  a  faster  one  to  reduce  the  length  of  the  gas  puff 
and  the  total  amount  of  gas  into  the  system.  Another 
upgrade  would  be  to  increase  the  RF  power  level  with  a 
pulsed  RF  supply. 

MEASUREMENTS  AT  LBNL 

The  pulsed  plasma  source  was  shipped  to  Lawrence 
Berkeley  Laboratory  (LBNL)  and  set  up  for  initial  testing. 
One  difference  between  the  source  tests  at  Princeton  and 
those  at  LBNL  was  that  the  RF  generator  was  not  able  to 
provide  3.5  kW  of  power  at  LBNL  and  was  limited  to  2.5 
kW.  This  limited  the  maximum  plasma  density  achieved. 
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A  number  of  density  measurements  were  made  in  the  6- 
way  cross  with  the  Langmuir  probe.  A  profile 
measurement  was  made  transverse  to  the  axis  of  the 
plasma  source  and  turbo-pump  (Fig.  3).  The  density  is 
peaked  on  axis.  There  is  a  factor  of  2  drop  near  the 
plasma  source  wall  radius  of  5  cm.  Distances  greater  than 
5  cm  from  the  center  of  the  cross  is  hidden  from  the 
straight-line  path  of  the  plasma  out  of  the  source.  There 
the  density  decreases  by  an  order-of-magnitude  at  a 
distance  5  cm  from  the  wall  radius  of  the  plasma  source. 


Figure  3:  Plasma  density  profile  in  the  cross  transverse  to 
the  plasma  source. 

Another  profile  measurement  was  made  in  the  6-way 
cross,  but  along  the  axis  of  the  plasma  source.  In  this 
direction  the  plasma  has  a  steep  gradient  away  from  the 
antenna  because  of  the  short  plasma  skin  depth  (~  1  cm). 
This  has  also  been  seen  in  our  previous  steady-state  ECR 
plasma  sources.  Consequently,  the  plasma  density  drops 
by  2  orders-of-magnitude  across  the  cross  diameter  in  this 
direction.  In  the  ECR  source,  a  weak  magnetic  field  was 
used  to  reduce  this,  but  is  not  used  in  the  pulsed  source. 

Lastly,  a  density  measurement  at  the  center  of  the  cross 
as  a  function  of  RF  power  was  completed  (Fig.  4).  The 
electron  density  increases  exponentially  as  a  function  of 
power.  The  data  point  near  3.5  kW  was  obtained  at 
Princeton,  but  not  at  LBNL.  Consequently,  the  source  is 
limited  to  5  x  10 10  cm'3  density  for  the  NTX  experiments 
until  the  RF  generator  can  produce  the  higher  power 
levels. 


The  pulsed  plasma  source  has  been  mounted  on  NTX 
and  neutralization  experiments  have  begun. 
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Figure  4:  Electron  density  in  the  center  of  the  cross  as  a 
function  of  RF  power. 

FUTURE  PLANS 

The  RF  generator  will  be  brought  back  to  its  4  kW 
power  capability  in  order  to  achieve  the  densities 
observed  at  Princeton.  Furthermore,  the  gas  valve  will  be 
replaced  with  a  faster  one  to  limit  the  gas  introduced  to 
the  NTX  vacuum  system.  Lastly,  modified  versions  of 
the  pulsed  plasma  source  may  be  examined  at  Princeton 
to  achieve  larger  plasmas  along  the  ion  beam  path.  This 
research  was  supported  by  DOE  Contract  No.  DE-AC02- 
76-CH-03073. 
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Abstract 

The  important  limiting  factors  in  high-gradient 
accelerator  structure  operation  are  dark  current  capture, 
RF  breakdown  and  electron  multipacting.  These  processes 
involve  both  primary  and  secondary  electron  field 
emission  and  produce  plasma  and  X-rays.  To  better 
understand  these  phenomena,  we  have  simulated  dark 
current  generation  and  transport  in  a  linac  structure  and  a 
square-bend  waveguide,  both  high  power  tested  at  SLAC. 
For  these  simulations,  we  use  the  parallel,  time-domain, 
unstructured-grid  code  Tau3P  and  the  particle  tracking 
module  Track3P.  In  this  paper,  we  present  numerical 
results  and  their  comparison  with  measurements  on 
energy  spectrum  of  electrons  transmitted  in  a  30-cell 
structure  and  of  X-rays  emitted  from  the  square-bend 
waveguide. 

INTRODUCTION 

The  X-Band  linac  R&D  for  the  NLC  focuses  on 
developing  high  gradient  accelerating  structures  to 
increase  linac  efficiency  and  thereby  lower  the  machine 
cost.  In  high  power  tests  however,  it  was  found  that  RF 
breakdown  and  dark  current  generation  have  prevented 
the  structures  from  reaching  their  design  gradients.  These 
limiting  factors  are  complex  processes  for  which 
theoretical  understanding  is  lacking  especially  when  they 
occur  in  complicated  3D  geometries.  Recent 

advances  in  parallel  code  development  made  by  the 
Advanced  Computations  Department  (ACD)  at  SLAC 
have  led  to  a  simulation  capability  for  studying  dark 
current  and  RF  breakdown  in  realistic  structures  under 
experimental  conditions.  A  particle  tracking  module  in 
3D  -  Track3P  has  been  developed  with  complete  surface 
physics  included,  which  is  interoperable  with  fields 
generated  either  by  the  parallel  eigensolver  Omega3P  for 
standing  wave  structures,  or  by  the  time-domain  field 
solver  Tau3P  for  traveling  wave  structures.  We  present 
simulation  results  from  Track3P/Tau3P  to  two 
applications  with  measured  data. 

SIMULATION  CODES 

Tau3p 

This  code  is  a  time-domain  parallel  solver  [1],  which 
solve  the  Maxwell  system 


dt 

Here  E  and  H  -  electric  and  magnetic  fields,  D  =  eE, 
B  =  p  H  ~  induction  vectors,  £,  p  -  permittivity  and 
permeability  of  the  media,  J  -  excitation  current 
The  numerical  algorithm  uses  explicit  scheme  of  finite 
volume  integration  on  unstructured  grid. 


Track3p 

Particle  tracking  module  [2]  uses  E  and  B  fields  from 
Tau3p  to  push  particles  using  the  Bods  scheme  for  the 
motion  equations: 

y  =  e(i  +  -[vxfi]),p  =  myv,y  * 
at  c 

with  particle  injection  given  by 

/«=  — 

1  + 

where  -  amplitude  of  the  injection  current,  a  -  half¬ 
width  of  the  bunch,  £  and  p  -  charge  and  mass  of  particle, 
Ax  -  repetition  period,  Ei  -  injection  energy,  %  -  speed  of 
light,  (p  -  phase  of  injection,  co  -  circular  frequency  of  the 
fields,  i  -  number  of  bunch,  and 


c 


SURFACE  PHYSICS 

Thermal  emission  is  described  by  the  Child-Langmuir 
law 

J(r,t)=^e0 

where  £0  -  vacuum  permittivity,  8  -  distance  from  the 
emitter  surface  where  electric  field  is  evaluated. 

Field  emission  in  high-gradient  field  is  described  by  the 
Fowler-Nordheim  formula 
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J(r,t)  =  1.54x10 


hf )(/»)’] 


-6.53x10 V5 

m 


<P 

where  cp  -  work  function,  P  -  field  enhancement  factor. 

The  model  of  secondary  emission  is  characterized  by 
the  ratio  a  =  Isecondary/Iprimary  =  5  +  r\  +  r,  which  is  a 
function  of  the  energy  of  incident  primary  particles  epri.  It 
includes  the  following  components  (Fig.l): 

•  8-  true  secondary  emission  (0-50  eV);  maximum 

em~2-4.5eV;  width  Ae  -12-15  eV; 

•  r\  -non  elastic  reflection  (50  eV-epri); 

•  r  -  elastic  reflection  (r  =  0.05-0.5  for  metals). 


Figure  1:  Components  of  secondary  emission. 

We  use  the  Lye-Dekker’s  model  [3]  for  true  secondary 
emission 


f 


s=^g 

8m 


\ 


,  g(z)  =  Z 


where  8m  =  1.4,  em  =  2.5  eV,  zm  =  1.84,  n=  0.35. 


Figure  3.  Square  Bend  Waveguide  a)  and  EM  fields  b). 


High  power  test  on  a  90  degree  square  bend  provided 
measured  X-ray  data  to  allow  the  secondary  emission 
model  in  Track3P  be  Benchmarked  on  a  simple 
geometry 


Figure  4.  Experimental  and  numerical  data  for 
square  bend  waveguide.  Red  colour  shows  primary 
particles,  green  -  secondaries. 


Figure  2.  Normalized  curve  by  Lye-Dekker. 

SQUARE  BEND  SIMULATION 


Square  bend  waveguide  (Fig.  3a)  used  at  NLCTA  to 
transport  SLED  II  output  power  to  structures.  Electric  and 
magnetic  fields  are  shown  at  Fig.  3b. 


Good  agreement  between  Track3P  simulation  and 
measurement  indicates  high  energy  X-Rays  seen  in 
experiments  are  due  to  elastically  scattered  secondary 
electrons. 

30-CELLS  HIGH-GRADIENT 
STRUCTURE 

NLC  X-band  structure  showing  damage  after  high 
power  test  [2]. 


Figure  5.  Damage  in  X-band  structure. 


Realistic  simulations  needed  to  understand  underlying 
processes  in  the  structure.  Distributed  model  on  a  mesh  of 
half  million  hexahedral  elements  (Fig.6)  for  Tau3P 
simulation  of  field  evolution.  Field  distribution  shown  at 
Fig.8,  and  dark  current  evolution  at  Fig.8. 
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Figure  7 .  Field  distribution  in  travelling  wave  structure. 


structure 


Figure  11.  Total  Current  in  Output  Cross-Section. 


Figure  8.  Evolution  of  dark  current  process. 


CONCLUSIONS 


Numerical  simulations  of  Dark  Current  problem  in 
high-gradient  accelerating  structure  help  for  better 
understanding  the  physical  phenomena  in  high  power.  It 
will  be  useful  for  design  of  rf-components  of  future 
Linacs. 
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Figure  9.  Emission  in  the  coupler  area 

Numerical  simulation  demonstrates  good  agreement 
between  experimental  [4]  and  numerical  data  presented  at 
Fig.  10.  Next  Fig.  11  shows  total  current  in  output  cross- 
section  which  is  about  5%  of  all  emitted  current  in  the 
structure. 


REFERENCES 

[1]  N.  Folwell,  K.  Ko,  Z.  Li,  B.  McCandless,  C.  Ng,  M. 
Wolf  et  al.,  LIN  AC-2000  Conference,  Monterey,  CA, 
USA,  August  21-25,  2000. 

[2]  V.  Ivanov,  G.  Schussmann,  M.  Weiner,  ACES-2002, 
March  1 8-22, 2002,  Monterey,  CA. 

[3]  S.  Yamaguchi,  Report  LAL/RT-  92-18,  Orsay, 
France, December  1992. 

[4]  J.Wang,  R.  Curry  et  al.,  Proc.  of  the  LIN  AC-92 
Conference,  Ottawa,  Canada,  August  24-28, 1992. 


2666 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


A  MODIFIED  QUADSCAN  TECHNIQUE  FOR  EMITTANCE 
MEASUREMENT  OF  SPACE  CHARGE  DOMINATED  BEAMS  * 


C.Limborg*.  S.Gierman*,  J.Power* 

MS  69,  SLAC  2575  Sand  Hill  Road,  Menlo  Park  CA ,  USA 
*  ANL,  9700  S.  Cass  Avenue,  Argonne,  IL  60439  USA 


Abstract 

The  quad-scan  technique  is  one  of  the  most  commonly 
used  methods  for  measuring  emittances  in  photo-injectors 
at  medium  range  energy  in  which  the  beam  is  not 
primarily  space  charge  dominated.  The  space  charge  can 
nevertheless  contribute  strongly  to  the  beam  size 
evolution  along  the  drift  from  the  scanning  quadrupole  to 
the  measurement  screen.  To  take  the  space  charge  into 
account,  we  fit  the  beam  sizes  while  solving  the  envelope 
equation  for  each  quadrupole  value.  This  algorithm  is  first 
applied  to  round  beams  and  then  extended  to  asymmetric 
beams.  The  benchmarking  of  this  solver  with  the  envelope 
equation  tracker,  with  PARMELA  simulations  is 
presented.  The  quadrupole  scan  algorithm  including  space 
charge  correction  for  the  round  and  not  round  beams  is 
presented. 


1  MOTIVATION 


The  beam  trace  emittance  in  a  single  plane  is  given  by 
(<x2><x’2>-<x  x’>2)1/2  where  the  average  <>  is  taken  over 
the  whole  beam  distribution  of  particles  with  position  x 
and  angle  x\  It  corresponds  to  the  square  root  of  the 
determinant  of  the  beam  matrix.  To  measure  the 
emittance,  one  of  the  techniques  commonly  used  is  the 
quadrupole  scan.  We  consider  a  beam  with  beam  matrix 
<7p0  at  point  P0. 


Opo  — 


{xo)  {Xox'o)  ' 
{xo*'0}  (xf) 


(1) 


This  beam  is  transported  through  a  quadrupole  of 
strength  kL  and  a  drift  of  length  1,  represented  by  the 
transport  matrix  M  and  striking  a  screen  at  P.  The  beam 
matrix  at  P  is  given  by  ctp.  The  term  aP(l,l)  writes 
Mn2CTPo(l,l)  +  M12  Mn  cPo(l,2)  +  M22  2gPo(2,2)  (2) 

In  the  quadrupole  scan  technique,  the  strength  k  of  the 
quadrupole  is  varied.  With  three  k  values,  one  can  deduce 
the  three  unknowns  and  compute  the  beam  emittance.  To 
get  rid  of  the  systematic  errors  one  usually  uses  many 
more  points.  This  over-determined  system  also  contains 
information  about  the  two  other  emittances. 

With  this  linear  analysis,  one  ignores  the  strong  space 
charge  effects.  For  this  reason,  at  low  energy,  it  is 
standard  to  use  the  pepper  pot  emittance  measurement 


(*)  Contact:  C.Limborg 

e-mail:  limborg@slac. Stanford. edu 

SLAC  is  operated  by  Stanford  University  for  the 

Department  of  Energy  under  contract  number 
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technique  instead  of  the  quadrupole  scan. 

In  this  paper,  we  describe  a  method  to  take  space 
charge  into  account  in  any  quadrupole  scan  measurement. 
Also  we  extend  the  method  to  deduce  the  two  transverse 
emittances  and  the  longitudinal  emittance. 


2  ENVELOPE  EQUATION 


The  envelope  equation  [1]  describes  the  evolution  of  a 
beam  in  the  presence  of  space  charge  forces.  With  the 
assumption  that  the  space  charge  force  can  be  linearized 
the  envelope  equation  can  be  written  as  three  coupled 
equations  describing  the  evolution  of  an  ellipsoidal  beam 
as  described  very  thoroughly  in  [2]. 


X"  +  k*(s)X- 


SK 1  -  Z(Z[sfXY) 
2  Z(X  +  Y) 


Yn  +  tiy(s)Y  - 
Z"  +  k\(s)Z~ 


3 K  1  -  S{Z/y/XY) 
2  Z{X  +  Y) 

3 K  1  -  £(Z/x/XY) 
2  XY 


X 

X* 

4 

y® 

ii 

z* 


x 2 


K 

«« 


5  <  i2  >,  Y2  -  5  <  y2  >,  Z*  -  5  <  *2  > 


With  the  beam  perveance  K 
qN  1  q 

2^^?^andqNisthecharge 


dt 

(t  +  l)(*+32)3/2 


(5) 


(4) 


3  COMPARISON  WITH  PARMELA 

ID  result 

We  compared  the  evolution  of  beam  sizes  R  and  its 
conjuguate  variable  R’  for  a  round  beam  from  PARMELA 
with  those  obtained  when  transporting  the  ID  envelope 
equation  (first  equation  of  (3)  with  X  =  Y  =  R).  We 
assumed  a  constant  peak  current  and  a  constant  emittance. 
For  a  bunch  with  Gaussian  profile,  one  usually  uses  2.355 
times  the  rms  bunch  length  to  compute  the  peak  current.  It 
appears  that  using  sqrt(12)  time  the  rms  bunch  length  to 
compute  the  peak  current  was  giving  better  agreement  as 
shown  in  figure  1.  The  3D  envelope  equation  tracker 
includes  the  variation  in  bunch  length  along  the  drift  and 
thus  automatically  makes  the  appropriate  correction. 

Those  differences  come  from  the  fact  that  individual 
slices  have  in  fact  a  different  peak  current.  When  applying 
the  same  algorithm  to  the  individual  slices  using  the 
correct  slice  peak  current  and  initial  R  and  R\  we 
obtained  a  satisfying  agreement  as  shown  in  figure  2. 
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Figure  1-  Evolution  of  beam  size  and  divergence  for  a  5.7 
MeV  beam  along  a  drift;  the  peak  current  has  been 
computed  3  different  ways  (1)  with  2.355  (2)  with 
sqrt(12)  G\  and  (3)  using  the  total  bunch  length 


Figure2  -  Evolution  of  beam  size  and  divergence  for  a 
5.7  MeV  beam  along  a  drift,  for  the  6  first  slices  out  of  1 1 ; 
Comparison  between  PARMELA  (PARM.)  data  and 
Envelope  Equation  (Env.  Equ.)  solver 

A  square  pulse  was  also  studied.  In  this  case,  the 
number  of  particles  varies  strongly  inside  the  slices  close 
to  the  head  and  tail  since  the  longitudinal  space  charge 
force  is  stronger  on  the  steep  edges.  So  particles  drift  from 
slice  to  slice  and  the  peak  current  varies.  Accordingly,  the 
agreement  with  PARMELA  is  not  as  good.  This  type  of 
behavior  also  occurs  for  bunches  with  longitudinal 
asymmetric  profiles. 

2D  result 

We  then  solved  numerically  the  2  first  equations  of  (3) 
for  non-round  beams.  Those  two  equations  are  coupled 
through  the  rms  horizontal  and  vertical  beam  sizes.  The 
agreement  is  satisfying  as  shown  in  figure  3.  The 
calculation  was  done  here  with  PARMELA  using  the  3D 
algorithm.  But  it  does  not  differ  much  from  the  2D  result 
as  the  beam  aspect  ratio  does  not  exceed  2  to  1 . 

The  discrepancies  are  justified  in  the  next  paragraph. 


Figure  3-  Evolution  of  beam  size  and  divergence  along  a 
drift  for  a  non-round  beam.  The  solver  agrees  well  with 


the  simulation  over  1.5  m.  The  beam  was  here  at  30  MeV 
but  in  the  space  charge  dominated  regime. 

3D  result 

We  solve  numerically  the  3  equations  of  (3).  The  peak 
current  is  then  automatically  computed  correctly.  Figure 
4  shows  that  in  case  of  a  strong  bunch  lengthening  along 
the  drift,  the  3D  solver  gives  some  very  good  results. 


Figure  4-  Evolution  of  beam  transverse  size  (1), 
divergence  (2)  and  bunch  length  and  its  derivative  (energy 
spread)  (3)  along  a  drift  for  a  8.5  MeV  beam; 


The  3D  envelope  equation  tracker  was  applied  for 
various  beam  of  low  energy  5MeV  and  8.5  MeV  and  to 
higher  energy  beams  such  as  30  MeV  It  gave  some  very 
satisfying  agreement  with  PARMELA.  Beams  with 
asymmetric  longitudinal  profiles  cannot  correctly  be 
represented  by  the  rms  quantities. 

4  QUADRUPOLE  SCANS 

For  typical  emittance  measurements  based  on 
quadrupole  scans,  two  quadrupoles  Q1  and  Q2,  are  used. 
The  scan  is  done  by  varying  the  strength  of  the  second 
quadrupole.  The  first  one  is  chosen  such  that  the  beam  on 
the  screen  has  good  dimensions  and  provides  a  fair 
intensity.  One  can  choose  the  settings  such  that  both  the 
horizontal  and  vertical  beam  sizes  will  go  through  a  waist 
during  the  scan. 

The  three  coupled  equations  of  (3)  can  be  transformed 
into  six  first  order  differential  equations.  The  transfer 
matrix  approach  can  then  be  used.  It  is  equivalent  to  that 
of  the  envelope  equation  but  easier  to  manipulate.  This 
formalism  has  been  described  thoroughly  in  [2]  and  it  is 
also  that  developed  for  Trace  3D  [3,4]. 

/  (x2)  { xx '}  {xy)  (xy')  {xz)  (xz'}  \ 

{xx')  (x'2}  (x  fy)  {x'y'}  {x'z)  (x'z') 

<7=  (w)  (x'v)  (y2)  W)  {y*)  (yz') 

{xy'}  ( x'y' )  {yy')  (y'2)  ( y'z }  (y'z') 

{xz)  {x'z)  {yz)  {y'z)  (z2)  {zz') 

\  ( xz '}  {x'z')  {yz'}  {y'z'}  {zz')  \z'2)  ) 
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i  o  o  o  o  o  \ 

A  sfU,z  1  0  0  0  0 

0  0  1  0  0  0 

0  0  A  sff^y  10  0 

0  0  0  0  1  0 

0  0  0  0  A  s!f^z  1 


The  transport  matrix  used  for  drifts  and  quadrupoles  are 
standard.  But  they  are  fragmented  in  N  pieces.  For 
instance,  the  drift  of  length  L  is  fragmented  into  N  pieces 
to  apply  the  space  charge  kicks  every  N/L. 

Md,L  ~  MscMd,L/N  MsoMd)L/NMscMd,L/N  etc  ... 

We  checked  that  the  coupling  terms  in  the  a  matrix  can  be 
neglected.  We  thus  only  kept  the  terms  aM  and  ori)i+1  for 
i  =  1  to  6.  They  constitute  the  9  unknowns  we  want  to 
determine. 

Round  beam  result 

To  reduce  the  number  of  unknowns,  we  first  solve  for 
the  round  beam  at  the  entrance  of  Ql.  That  reduces  the 
number  of  unknowns  to  6.  The  transformations  are 
For  a  point  with  the  6D  coordinates 

Xc  =  (x,  x',y,y',z,z') 

X  =  MQpMd'XMQiMiflXc 

The  beam  matrix  is  then  given  by 

Cp  —  Mq2  Md,  1  Mq  I  ‘2<7  poM^  2  Mq  i  1  Mq2 

with  Mgi(fc) 

and  Md  is  function  of  {a i, i^ai  ) 

The  data  to  fit  are 

<tp  (1, 1)  as  a  function  of  k 

and  (Tp  (3, 3)  as  a  function  of  k 

As  shown  in  figure  5,  the  solver  without  space  charge 
matches  well  the  horizontal  beam  size  but  does  not  fit  the 
vertical  one  correctly.  It  gives  a  71.4  mm.mrad 
horizontally  and  69  mm.mrad  vertically.  The  solver  which 
includes  the  space  charge  fits  well  both  horizontal  and 
vertical  beam  sizes  and  gives  the  correct  emittance  of  60 
mm.mrad.  The  longitudinal  emittance,  not  represented 
here,  given  by  the  solver  with  space  charge  is  also 
determined  accurately  to  be  6.4  mm.mrad. 

To  solve  this  problem  numerically,  an  internal 
MATLAB  solver  is  used[5].  It  consists  of  a  constrained 
non-linear  least-square  fit  algorithm  based  on  the 
Levenberg-Marquardt  method.  This  algorithm  is  also 
described  in  [6]. 

The  robustness  of  the  algorithm  needs  to  be  assured.  In 
particular,  this  algorithm  should  work  for  noisy  data,  such 
as  experimental  data. 


Figure5  -  Beam  Size  (1)  horizontal  and  (2)  vertical  on 
measurement  screen.  The  beam  has  a  8.5  MeV  and  is 
space  charge  dominated 

Consideration  for  Elliptic  BEAMs 

To  fit  the  beam  at  Q2  entrance,  where  it  is  elliptical,  we 
can  use  the  results  of  the  round  beam  at  the  entrance  of 
Ql  and  transport  them  to  Q2.  However,  a  general 
algorithm  which  solves  for  the  9  unknowns  has  also  been 
developed  as  it  is  useful  for  flat  beam  injectors.  This 
algorithm  fails  for  the  case  described  in  figure  5  when  we 
look  for  a  solution  at  Q2  entrance  at  which  the  beam  is 
elliptical.  The  solution  found  corresponds  to  a  local 
minimum  of  the  least  square  function  and  does  not  lead  to 
the  solution. 

5  CONCLUSION 

We  have  demonstrated  by  comparing  PARMELA 
simulations  with  the  tracking  of  the  envelope  equation 
that  the  3D  envelope  equation  tracking  can  be  applied 
very  accurately  for  low  energy  beams.  Even  if  the 
envelope  equation  represents  the  evolution  of  rms 
quantities,  it  also  applies  to  non-Gaussian  beams  as  long 
as  they  have  ellipsoidal  symmetry.  If  the  longitudinal 
profile  is  asymmetric,  the  envelope  equation  is  not 
appropriate.  The  space  charge  correction  to  a  quadrupole 
scan  fitting  algorithm  works  fine  for  a  round  beam.  The 
longitudinal  emittance  can  be  successfully  deduced. 
Improvement  of  the  solver  for  the  9  parameters  of  a  non¬ 
round  beam  requires  more  sophisticated  algorithms  than 
the  internal  Matlab  solvers. 
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Abstract 

Synchrotron  motion  was  numerically  simulated  to  exam¬ 
ine  the  maximum  stored  beam  current,  which  is  limited  by 
beam  loading.  In  addition  to  the  machine  operating  param¬ 
eters,  the  simulation  considers  the  influence  of  the  phase 
noise  of  a  generator  voltage  on  the  maximum  stored  beam 
current.  The  computed  result  shows  that  increasing  the 
phase  noise  level  can  reduce  the  maximum  stored  beam 
current  and  the  reducing  of  the  maximum  stored  current, 
due  to  an  increase  in  the  noise  level,  escalates  with  increas¬ 
ing  the  cavity  voltage. 


INTRODUCTION 

To  meet  the  requirement  of  users,  we  will  replace  two 
existed  conventional  cavities  with  one  CESR-III  500  MHz 
SRF  module  to  increase  the  stored  electron  beam  from  200 
mA  to  500  mA  and  to  improve  the  beam  stability.  When 
machine  is  upgraded,  the  beam  loading  ratio  will  increase 
from  the  current  value  1.3  to  6.9  [1].  To  insure  the  beam 
current  can  reach  the  design  goal,  it  is  necessary  for  us  to 
examine  the  influence  of  the  phase  noises  on  the  beam  cur¬ 
rent  when  the  machine  is  operated  under  such  heavy  beam 
loading  conditions. 

The  current  theoretical  computation  of  the  maximum 
stored  beam  current  is  based  on  the  study  of  Robison 
in  1964  [2].  The  study  indicated  that  the  beam  current 
reaches  its  maximum  limit  when  the  generator  rf  voltage 
is  pushed  to  the  opposite  phase  of  the  beam  current  by  the 
detuned  cavity.  The  cavity  is  detuned  to  compensate  for  the 
change,  caused  by  the  beam  loading,  in  the  cavity  matching 
impedance. 

In  the  theoretical  computation,  the  beam-induced  volt¬ 
age  and  the  generator  voltage  are  treated  as  a  purely  sinu¬ 
soid  signals,  without  noise.  In  reality,  the  generator  voltage 
is  always  accompanied  with  different  kinds  of  noise,  such 
as  harmonic,  amplitude  and  phase  noises. 

In  this  paper,  the  phase  noise  of  a  generator  voltage  is 
included  in  the  numerical  simulation.  From  the  simula¬ 
tion,  we  can  investigate  the  synchrotron  motion  of  each 
beam  bunch  turn  by  turn.  Whether  the  beam  current  is 
above  or  below  the  limitation  can  then  be  determined  from 
the  behavior  of  each  beam  bunch  in  the  simulated  motion. 
The  maximum  beam  currents  computed  for  different  phase 
noise  levels  are  demonstrated  by  an  example,  which  is  also 
used  to  compare  the  theoretical  and  simulated  results. 


FORMALISM  FOR  CALCULATION 

Difference  Equations  for  Synchrotron  Motion 

In  the  study  we  assume  that  the  electrons  in  a  bunch 
bucket  act  as  a  single  rigid  macro-particle.  The  energy 
and  time  deviations  of  a  beam  bunch,  e  and  r,  during  the 
synchrotron  motion  can  then  be  described  by  the  following 
equations: 

~  j rVacc{ts  +  t)  —  eUrad{s)  (1) 

dr  e 

Tt=aW3  ® 

where  T0  is  the  revolution  period  of  the  synchronous  par¬ 
ticle,  e  is  the  electron  charge  in  a  bunch,  Vacc  is  the  accel¬ 
erating  voltage,  a  is  the  momentum  compaction  factor,  E 
is  the  electron  energy,  the  subscript  s  presents  the  quantity 
for  the  synchronous  bunch.  Urad  is  the  radiation  loss.  The 
radiation  loss  in  a  single  turn  is  given  by 

UradlKeV]  =  88.46—  [m]  (3) 

=  26.520308 E[GeV]z  B[T]  (4) 

where  p  is  the  radius  of  curvature  of  the  orbit  in  the  bend¬ 
ing  magnet  and  B  is  the  bending  magnetic  field.  Rewriting 
(l)and  (2)  for  a  single  turn  period  and  imposing  the  sim- 
plectic  condition  [3],  we  can  obtain  the  particle  tracking 
equations  for  the  synchrotron  motion: 

H-  cVacc(ts  Tj)  —  eUradisf)  (5) 

rj+l  =  Tj  +  aTo^r-  (6) 

where  the  subscript  j  represents  the  number  of  revolutions 
of  a  beam  bunch.  In  synchrotron  motion,  the  radiation  loss 
for  a  synchronous  beam  bunch  is  exactly  compensated  by 
the  accelerating  voltage: 

Vacc(ts)  =  |  Vc|  cos (<£s)  =  Urad(e  =  0)  (7) 

where  <f>s  is  the  synchrotron  phase  and  Vc  is  the  cavity 
voltage. 

Tuning  Angle  for  Beam  Loading  Compensation 

The  tuning  angle  is  a  measure  of  the  phase  difference 
between  the  excited  rf  signal  and  its  generator  current  for  a 
cavity.  From  microwave  circuit  theory,  it  can  be  expressed 
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Figure  1: 
when  the 


cavity  is  detuned  to  ?/>. 


begins  to  decay  with  time  and  to  be  superimposed  by  the  in¬ 
duced  voltage  of  the  bunches  passed  and  passing  through 
the  cavity.  The  beam-induced  voltage  seen  by  a  bunch 
passing  through  the  cavity  can  be  obtained  by  adding  up 
the  voltages  induced  by  the  passed  and  the  passing  bunches 
[6]: 


Vb(tm)  = 


U)rR 


n<m 


Q  {  9nexp[lO >c(tm-tn)} 

n—~  oo 

exp(-H^)}  -  (12) 


Td 


2Qo 


by  the  cavity  loaded  quality  factor  QL,  the  rf  signal  fre¬ 
quency  u)rf  and  the  cavity  resonance  frequency  uc  as  fol¬ 
lows: 

t&n(ip)  =  -2  Ql^- — —  (8) 

U)c 

When  there  is  beam  current  in  a  storage  ring,  the  change 
in  cavity  matching  impedance,  which  is  changed  by  beam 
loading,  can  be  compensated  for,  to  minimize  the  reflected 
rf  power  by  tuning  the  cavity  tuning  angle  ^  to  [4]: 

tanW  =  ~WW)sm<l>s  + 

tan  cos  ^  +  ^  (9) 

where  Ia  is  the  average  beam  current,  Rs  is  the  shunt 
impedance  of  the  cavity,  [3  is  the  coupling  factor  of  the  cav¬ 
ity  and  0  is  the  tuning  angle  offset  when  the  beam  current  is 
zero.  The  offset  is  usually  set  to  a  negative  value  to  reduce 
the  Robinson  instability.  Notably  in  following  discussion, 
the  tuning  angle  is  supposed  to  be  tuned  to  minimize  the 
reflected  rf  power. 

Beam-Induced  Voltage  and  Generator  Voltage 

The  simulation  assumes  that  the  initial  beam-induced 
voltage  is  induced  by  the  beam  bunch  which  is  synchronous 
with  the  oscillating  rf  field.  The  bunch,  compared  to  the  rf 
wavelength,  is  considered  to  be  zero-dimensional.  Based 
on  both  assumptions,  the  initial  beam-induced  voltage  can 
be  expressed  as  [5], 

_ ^  2/  R 

Vbo  —  -  cos  (ip)  exp(z^)  (10) 

From  the  tuning  angle  expressed  in  (9),  the  initial  beam- 
induced  voltage  in  (10)  and  the  phasor  diagram  shown  in 
Fig.l,  the  initial  generator  voltage  can  be  obtained: 

V^  =  tc-VCo  (11) 

As  we  start  to  simulate  the  synchrotron  motion  of  each 
beam  bunch  with  (5)  and  (6)  from  a  small  initial  phase  de¬ 
viation,  the  initial  beam-induced  voltage,  expressed  in  (10), 


where  Q0  is  the  unloaded  quality  factor  of  the  cavity,  Td  is 
the  field  decay  time  constant,  and  is  equal  to 

Td  =  2^  (13) 

Notably  according  to  the  fundamental  theorem  of  beam 
loading  [7],  only  half  of  the  induced  voltage  acts  back  on 
the  beam  bunch  itself,  so  the  last  term  of  (12)  contains  a 
factor  1/2. 

Here  we  express  the  generator  voltage  as  a  regular  sinu¬ 
soid  signal  which  has  noise  sidebands: 

Vg{tm)  =  l^o|[l  +  $  A  cos(o;0fm)]  •  exp{ 

1  [(^rftm)  +  6pCOs(cJptm)  +  <f)g ]}  (14) 

where  uja  and  up  are  the  amplitude  and  phase  modulation 
frequency  respectively,  5  a  and  5p  are  the  magnitudes  of  the 
amplitude  and  phase  modulations  respectively. 

The  time  period  between  two  near  bunches  is  too  short 
for  the  feedback  circuit  to  respond  for  correcting  the  cavity 
voltage,  so  (14)  assumes  that  the  variation  of  the  beam- 
induced  voltage  during  the  synchrotron  motion  can  not  af¬ 
fect  the  generator  voltage  via  the  feedback  circuit.  There¬ 
fore,  the  generator  voltage  in  (14)  is  independent  of  the 
beam-induced  voltage. 

LIMITATION  OF  STORED  BEAM 
CURRENT 

From  (5)  and  (6),  we  can  obtain  the  synchrotron  motion 
of  each  beam  bunch  tum-by-tum.  The  effect  of  the  beam 
loading  and  the  phase  noise  on  beam  motion  acts  through 
the  beam-induced  voltage  in  (12)  and  the  generator  voltage 
in  (14). 

If  the  beam  current  is  below  the  maximum  limitation, 
the  phase  and  energy  deviations  of  the  beam  bunch  will 
be  bounded  within  a  limited  area  as  in  the  simulation  of 
motion,  as  shown  in  Fig.  (2.a).  In  contrast,  if  the  beam 
current  is  above  the  limitation,  as  in  Fig.  (2.b),  both  de¬ 
viations  move  away  from  the  synchronous  point  until  the 
beam  bunch  is  lost. 

From  the  calculation  shown  in  Fig.  (3),  we  can  find  that 
for  a  constant  cavity  voltage,  the  maximum  stored  beam 
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Figure  2:  Simulated  beam  motion  described  by  phase  and 
energy  deviations  as  beam  current  is  (a)  under  or  (b)  above 
the  maximum  limite 


current  can  be  reduced  by  an  increase  in  the  phase  noise 
level  of  a  generator  rf  signal.  The  reduction  is  obvious, 
particularly  when  the  cavity  voltage  is  high.  The  theoretical 
maximum  stored  beam  current, 


Figure  3:  simulated  maximum  stored  beam  current  versus 
gap  voltage  for  the  generator  rf  signal  with  different  phase 
noise  levels  (symbol-dashed  curves),  and  that  predicted 
from  (15)  in  the  case  of  no  noise  (solid  curve).  The  pa¬ 
rameters  used  are  Es  =  1.5 GeV,  urf  =  500 MHz,  Q0  = 
1.0  x  109,  Rs/Qo  =  44.5,  0  =  4000,  T0  =  200/ wr/, 
a  =  6.768  x  10“3,  up  =  720 Hz,  Urad(e  =  0)  =  mkeV, 
Plots  =  V2/2Rs. 


CONCLUSIONS 

This  paper  has  presented  a  way  to  calculate  the  maxi- 
mum  stored  beam  current,  including  the  influence  of  the 
phase  noise  of  the  generator  rf  signal,  and  has  demonstrated 
that  the  maximum  stored  beam  current  can  be  reduced  by 
an  increase  in  the  phase  noise  level.  The  calculation  in  Fig. 

(3)  suggests  that  our  rf  generator  must  mantain  its  phase 
noise  of  720  Hz  below  3  degrees,  if  we  plan  to  store  the 
beam  current  up  to  500  mA  at  the  cavity  voltage  of  1600 
kV. 

That  (15)  does  not  consider  the  in-phase  of  the  passing 
beam  bunch  and  its  induced  voltage  may  cause  the  pre¬ 
dicted  maximum  beam  current  higher  than  that  predicted 
by  the  numerical  simulation. 


T  sin  3>s  Vr  , 

max  =  sin2(4>s  —  0)  'Ts(1+P)  (15) 

is  compared  with  the  numerically  simulated  value,  shown 
in  figure  (3),  in  the  case  of  no  noise.  The  comparison  indi¬ 
cates  that  the  maximum  limitation  predicted  from  the  the¬ 
oretical  computation  is  always  higher  than  that  from  the 
numerically  simulated  value.  A  possible  reason  for  the  dis¬ 
crepancy  is  the  phases  of  the  passing  beam  bunch  and  its 
induced  voltage.  The  last  term  in  (12)  has  only  a  real  part, 
which  means  that  the  passing  beam  bunch  and  its  induced 
voltage  are  always  in  phase  regardless  of  the  time  deviation 
of  the  beam  bunch  in  the  motion  simulation.  The  beam 
bunch  will  transfer  more  energy  to  its  induced  voltage  if 
we  consider  this  in-phase  phenomenon  in  the  energy  trans¬ 
fer  process.  More  energy  transferred  from  beam  bunches 
means  greater  beam  loading.  This  in-phase  relationship  is 
not  considered  in  the  theoretical  computation. 
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Abstract 

For  space-charge-dominated  beams,  details  of 
the  beam  distribution  as  it  emerges  from  the  source  region 
can  strongly  influence  beam  evolution  well  downstream. 
This  occurs  because  collective  space-charge  modes, 
excited  as  the  beam  is  bom,  can  remain  undamped  for 
many  focusing  periods.  Nevertheless,  traditional  studies 
of  the  source  region  in  particle  beam  systems  have 
emphasized  the  behavior  of  averaged  beam  characteristics 
such  as  total  current,  rms  beam  size,  or  emittance,  rather 
than  the  details  of  the  full  beam  distribution  function  that 
are  necessary  to  predict  the  excitation  of  any  collective 
space-charge  modes.  Simulations  of  the  source  region 
using  the  particle-in-cell  WARP  code  along  with  detailed 
comparisons  to  experimental  measurements  of  the  beam 
in  the  University  of  Maryland  Electron  Ring  (UMER)  are 
therefore  being  employed  to  understand  the  complex 
behavior  that  has  been  observed  in  the  source  region, 
including  a  surprising  sensitivity  of  the  beam  evolution  to 
details  of  the  transverse  velocity  distribution. 

INTRODUCTION 

In  many  accelerator  systems  space-charge-dominated 
behavior,  including  the  excitation  of  space-charge 
collective  modes,  can  be  significant  in  the  source  region 
even  when  the  downstream  characteristics  are  not  space- 
charge-dominated.  Furthermore,  if  the  transverse 
evolution  is  viewed  in  a  frame  moving  with  the  beam,  it 
can  be  seen  that  these  modes  can  remain  relevant  as  the 
beam  is  accelerated,  and  it  has  been  observed  in 
simulations  that  they  remain  undamped  for  many  focusing 
periods.  Traditional  studies  of  the  source  region  in 
particle  beam  systems  have  emphasized  the  behavior  of 
averaged  beam  characteristics,  such  as  total  current,  rms 
beam  size,  or  emittance,  rather  than  the  details  of  the  full 
beam  distribution  function  that  are  necessary  to  predict  the 
excitation  of  collective  modes.  Because  of  the 
comprehensive  diagnostics  on  the  University  of  Maryland 
Electron  Ring  (UMER)  experiment,  extensive  detailed 
observations  of  the  evolution  of  these  modes  have  been 
possible. 

A  primary  tool  for  understanding  the  detailed  evolution 
of  a  space-charge-dominated  beam  in  the  source  region  in 
general,  and  the  UMER  ring  in  particular,  has  been  the  use 
of  simulation  in  concert  with  detailed  experimental 
measurement.  However,  “first  principle”  simulations 
beginning  from  the  emitter  surface  have  often  displayed 
sensitivity  to  details  in  the  numerical  model  that  appear  to 


reflect  similar  sensitivities  to  details  of  the  actual  gun 
geometry.  Since  accurate  prediction  of  the  beam  evolution 
in  the  UMER  ring  requires  comparable  accuracy  in 
specifying  the  injected  beam  distribution,  a  systematic 
program  is  underway  to  compare  particle-in-cell  WARP 
code  simulations  of  the  beam  with  experimental 
measurement  in  the  source  region.  The  sections  below 
will  describe  some  of  the  complexity  in  beam  evolution 
that  has  been  observed  as  a  result,  including  the  surprising 
sensitivity  of  the  evolution  of  the  beam  profile  to  details  of 
the  transverse  velocity  distribution 

THE  UMER  SOURCE 

The  UMER  source  is  a  variable  perveance  Pierce 
geometry  electron  gun  modified  by  a  gridded  cathode 
used  to  control  the  current  pulse,  and  an  anode  grid  used 
to  impose  a  uniform  potential  at  the  anode  plane.  The 
perveance  can  be  varied  by  changing  the  cathode-to- 
anode  spacing.  The  gun  is  normally  operated  to  provide 
approximately  118  mA  in  the  anode-to-cathode  region,  so 
that  the  nominal  ring  injection  current  of  100  mA  current 
is  obtained  after  interception  by  the  anode  grid. 

Unlike  the  anode  grid,  which  appears  to  have  a 
relatively  minor  influence  on  the  exiting  distribution 
function,  the  cathode  grid  that  is  used  to  rapidly  switch 
the  current  has  been  observed  to  strongly  influence  the 
beam  characteristics.  While  study  of  the  effect  of  the 
cathode  grid  in  a  triode  has  an  extensive  history,  the  work 
that  was  done  has  generally  concentrated  on  the  parameter 
regime  appropriate  to  using  the  beam  as  an  amplifier  tube 
rather  than  the  as  a  beam  switch.  In  addition,  emphasis  in 
early  studies  was  primarily  on  the  behavior  of  the  total 
current  at  the  anode,  and  not  on  the  detailed 
characterization  of  the  beam  distribution  function 
important  to  UMER  ring  operation.  As  will  be  discussed 
below,  examination  of  the  beam  distribution  that  emerges 
from  the  cathode  has  uncovered  a  degree  of  complexity 
not  previously  appreciated. 

EXPERIMENTAL  DIAGNOSTICS 

The  primary  experimental  diagnostic  tool  employed 
here  is  a  phosphor  screen  mounted  on  a  plunger-like 
apparatus  so  the  screen  can  be  translated  along  the 
injector  transport  line  to  measure  the  variation  of  the 
beam  profile  as  it  propagates.  An  additional  feature  of  the 
apparatus  used  to  measure  characteristics  of  the  beam 
distribution  function  is  the  capability  to  insert  various 
beam  masks  approximately  1  cm  downstream  from  the 
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anode  grid  location.  One  of  these  masks  is  a  “pepper  pot” 
consisting  of  an  array  of  small  holes  that  can  be  used  to 
sample  the  beam  velocity  distribution. 

A  less  straightforward  use  of  the  masks  is  to  split  the 
beam  into  five  beamlets  in  a  pattern  resembling  the  five 
face  of  a  die.  It  has  previously  been  determined  that  the 
beam  evolution  after  traversing  such  a  mask  depends  on 
the  temperature  of  the  beam  emerging  from  the  mask. 
This  evolution  therefore  provides  an  independent  estimate 
of  the  beam  emittance  without  relying  on  the  fairly 
complex  slit-slit  measurements  that  were  not  operational 
in  the  early  stages  of  the  beam  experiments.  Two 
additional  measurements  which  were  performed  that 
provide  a  consistency  check  on  the  beam  characteristics 
are  the  degradation  of  the  shadow  of  the  anode  grid  with 
distance  and  the  evolution  of  the  Bemal[l]  ring  patterns 
as  a  single  beam  propagates. 

GUN  SIMULATION 

Many  of  the  observed  UMER  gun  characteristics 
described  below  appear  to  result  from  details  of  the  beam 
evolution  in  the  region  between  the  cathode  and  the 
cathode  grid.  However,  with  available  computer 
resources  it  is  difficult  to  resolve  the  grid  region  in  the 
same  calculation  that  represents  the  entire  gun  structure. 
This  is  because  the  grid  wire  diameter  is  0.0254  mm  and 
the  distance  from  cathode  to  grid,  as  well  as  is  the  spacing 
between  grid  wires,  are  0.15  mm.  These  distance  are 
much  less  than  the  3  mm  cathode  radius  and  the 
approximately  25  mm  separation  between  the  cathode 
grid  and  the  anode  grid.  In  addition,  unlike  the  gun 
structure  itself,  the  grid  geometry  is  not  axisymmetric,  so 
that  modeling  the  grid  structure  requires  full  three- 
dimensional  simulation. 

The  first  WARP  code  simulations  were  therefore 
performed  assuming  axisymmetry.  Sensitivities  to 
various  experimental  and  simulation  parameters  were 
examined,  and  comparisons  between  available 
measurements  and  the  code  predictions  were  used  to  infer 
information  about  the  beam  distribution  function.  More 
recently  high-resolution  simulations  have  been  undertaken 
to  examine  the  influence  of  the  cathode  grid  on  the  gun 
characteristics.  These  simulations  examine  only  a  small 
transverse  central  portion  of  the  beam. 

COMPARISON  TO  EXPERIMENT 

The  set  of  gun  operating  parameters  used  for  the 
UMER  injector  were  determined  by  experimentally 
adjusting  the  anode-cathode  spacing  and  the  grid  voltage 
to  achieve  an  output  current  of  100  mA,  which  is  the 
value  desired  for  nominal  ring  operation.  The  cathode- 
to-grid  potential  during  the  pulse  is  set  by  varying  a  bias 
voltage  added  to  the  voltage  pulse  applied  across  the 
cathode-to-grid  gap,  so  that  the  negative  bias  voltage 
prevents  any  current  from  being  drawn  except  during  the 
approximately  100  ns  beam  pulse.  It  should  be  noted  that 
the  actual  pulse  voltage  applied  to  the  cathode-to-grid  gap 


is  difficult  to  measure  in  the  existing  apparatus  and  is 
difficult  to  calculate  because  the  loading  on  the  pulser  as  a 
function  of  bias  voltage  is  not  known.  Many  of  the  beam 
characteristics  must  therefore  be  inferred  from  a 
combination  of  simulation  and  other  measurements  of  the 
beam  characteristics. 


Simulation  of  the  gun  geometry  that  assumes  self- 
consistent  Child-Langmuir  emission  from  a  cathode 
placed  at  the  location  of  the  cathode  grid  predicts  a 
current  of  125mA.  This  is  close  to  the  actually  obtained 
current  of  approximately  118mA,  as  inferred  from  the 
100mA  measured  downstream  of  the  approximately  87% 
transparent  anode  grid.  The  prediction  by  this  simulation 
of  a  current  approximating  actual  observation  appears  to 
be  evidence  that  the  current  enhancement  expected  from 
injection  into  gun  with  a  substantial  initial  energy 
approximately  counteracts  the  66%  transparency  of  the 
cathode  grid. 


The  Child-Langmuir  simulation  predicts  a  hollowed 
beam  with  current  density  at  the  outer  edge  of 
approximately  1.5  times  the  central  value.  Because  of  the 
difficulty  of  realistically  modeling  the  emission 
characteristic  of  the  gridded  cathode,  a  simulation 
assuming  transversely  uniform  emission  from  the  grid 
surface  was  used  to  test  the  importance  of  self- 
consistently  modeling  the  transverse  variation  of  the 
emission.  The  transverse  characteristics  at  the  anode 
plane  were  very  close  to  those  obtained  from  the  self- 
consistent  calculation.  On  the  other  hand,  sensitivity  of 
the  profile  to  total  current  was  observed,  since  a  reduction 


of  the  injected  current  by  approximately  10%  resulted  in  a 


Fig.  1.  Phosphor  screen  image  of  the  beam 
approximately  60  mm  from  the  anode  plane.  A  weak 
shadow  of  the  anode  grid  is  observable. 


Direct  measurements  of  the  beam  profile  were  obtained 
using  a  phosphor  screen  placed  approximately  60  mm 
downstream  of  the  anode  grid.  Figure  1  is  a  typical 
phosphor  screen  image  of  the  beam.  Note  that  the  grid 
bias  voltage  is  set  at  a  low  enough  value  that  the  cathode- 
to-grid  potential  is  into  the  “saturation”  region  where  the 
current  is  weakly  dependent  on  this  voltage,  in  contrast  to 
the  rapid  variation  in  current  with  bias  voltage  observed  in 
the  region  near  current  cut-off  by  the  bias  potential. 
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Fig.  2.  Current  density  plotted  along  a  diameter  of 
phosphor  image  in  Fig.  1 . 

Figure  2  is  a  plot  the  light  intensity  along  a  diameter  cut 
through  the  plot  in  Fig.  1 .  Unlike  the  hollowed  simulation 
profiles,  it  is  peaked  at  the  beam  center.  Furthermore, 
only  when  the  transverse  temperature  of  the  injected 
distribution  is  increased  by  something  between  a  factor  of 
25  and  100  times  the  intrinsic  value  of  the  0.1  eV  emitter 
temperature,  does  the  simulated  profile  begin  to  match  the 
peaked  behavior  observed.  Such  a  large  assumed 
transverse  injection  temperature  is  inconsistent  with  the 
five-beamlet  patterns  observed[2]  as  well  as  to  the 
measured  degradation  of  the  anode  mask  shadow. 


Fig.  3.  Phosphor  screen  image  downstream  of  the 
pepper  pot  showing  a  hollowed  velocity  space 
distribution. 

The  discrepancy  between  the  observed  radial  variation 
in  current  density  and  that  predicted  by  simulation  can  be 
resolved  by  injecting  an  initial  hollowed  transverse 
velocity  distribution  such  as  shown  in  Fig.  3,  which  is  the 
image  formed  by  passing  the  beam  through  the  pepper  pot 
mask.  The  peaked  distribution  shown  in  Fig.  2,  including 
the  small  depression  in  beam  density  at  the  beam  center 
that  can  be  seen  in  Fig.  1,  are  then  observed  in  the 
simulation.  The  total  transverse  energy  contained  in  the 
hollowed  velocity  distribution  is  also  consistent  with  the 
beam  downstream  evolution  of  the  beam  passed  through 
the  five-beamlet  mask.  The  hollowed  inital  velocity 
distribution  also  improves  agreement  between  simulation 
and  phosphor  screen  measurements  of  the  evolution  of  the 
shadow  of  the  anode  grid,  as  well  as  the  downstream 
evolution  of  the  full  beam  density  patterns. 

Because  of  the  uniformity  across  the  beam  profile  of 
the  hollowed  distribution  observed  in  Fig.  3,  it  is  likely 
that  this  hollowing  is  caused  by  the  influence  of  the 
cathode  grid.  Since  the  grid  physics  is  seen  to  be 


important  to  prediction  of  the  downstream  evolution, 
simulations  are  underway  to  examine  the  influence  of  the 
cathode  grid  on  the  gun  beam  characteristics  for 
parameters  in  the  range  of  interest  to  the  UMER  gun. 

In  order  to  perform  simulations  with  resolution 
sufficient  to  examine  the  physics  of  the  very  small  region 
between  the  cathode  and  the  cathode  grid,  only  a  small 
transverse  region,  corresponding  to  a  single  cell  of  the 
cathode  grid  is  examined.  The  transverse  boundary 
conditions  are  assumed  periodic,  and  the  computational 
requirements  are  further  reduced  by  assuming  fourfold 
transverse  symmetry.  A  typical  simulation  of  such  a  long 
thin  region,  as  might  be  appropriate  to  examining  the 
beam  behavior  near  the  gun  center  employs  16  by  16 
transverse  grid  cells  and  1024  cells  in  the  longitudinal 
direction. 

Analytic  calculations  of  the  cathode  grid  region  [3] 
predict  that  under  typical  operating  conditions  a  virtual 
cathode  will  form  downstream  of  the  cathode  grid  at  a 
distance  somewhat  greater  than  the  cathode-to-grid 
spacing.  It  is  therefore  necessary  to  perform  the 
simulation  for  a  distance  much  greater  than  the  0.15  mm 
cathode-to-grid  spacing.  It  was,  in  fact,  observed  that 
simulating  a  longitudinal  region  much  shorter  than  the  full 
gun  length  would  result  in  sufficient  ambiguity  in 
specifying  the  downstream  potential  that  it  was  simpler  to 
include  the  entire  25  mm  region. 

The  simulations  were  performed  with  a  potential 
between  cathode  grid  in  the  range  around  20V 
independently  measured  by  the  energy  analyzer.  [4] 
Preliminary  observation  of  the  parametric  behavior,  which 
includes  complex  current  rise  waveforms,  including 
virtual  cathode  oscillations  for  sufficiently  large  cathode- 
to-grid  potential  is  too  complex  to  describe  here,  however 
many  of  the  features  observed  experimentally  are 
reproduced  in  the  model. 

CONCLUSIONS 

A  combination  of  simulation  and  measurement  has 
revealed  considerable  complexity  in  the  behavior  of  the 
UMER  gridded  gun.  Furthermore,  understanding  this 
complexity  appears  to  be  important  to  predicting  the 
injected  beam  characteristics  for  injection  into  the  UMER 
ring.  A  continuing  program  that  combines  simulation  and 
measurement  is  therefore  underway  to  develop  the  level 
of  predicative  capability  desired  for  interpretation  of  the 
detailed  beam  characteristics  in  the  ring. 
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Abstract 

We  explore  the  potential  impact  of  colored  noise  on 
space-charge-induced  halo  formation.  By  coupling 
particle  orbits  to  parametric  resonance,  colored  noise  due 
to  space-charge  fluctuations  and/or  imperfections  in  the 
beamline  can  eject  particles  to  much  larger  amplitudes 
than  would  be  inferred  from  parametric  resonance  alone. 

INTRODUCTION 

The  pursuit  of  high-current  light-ion  accelerators  such 
as  are  needed  to  drive  high-intensity  spallation  neutron 
sources  has  brought  the  realization  that,  albeit  necessary, 
the  ability  to  control  root-mean-square  beam  properties  is 
not  sufficient.  Perhaps  the  most  prominent  example 
concerns  beam  halos,  i.e.,  particles  that  reach  large  orbital 
amplitudes  due  to  time  dependence  in  the  space-charge 
potential.  The  concern  is  that  impingement  of  beam 
particles  on  the  beamline  could  generate  radioactivation 
that  would  preclude  routine,  hands-on  maintenance.  Just 
a  tiny  impingement  (-1  nA/m/GeV)  is  troublesome.  For  a 
100  mA,  1  GeV  light-ion  beam,  this  criterion  translates  to 
just  1  in  108  particles  lost  per  meter  [1]. 

Early  efforts  to  identify  the  fundamental  mechanisms  of 
halo  formation  centered  on  the  use  of  a  ‘particle-core’ 
model  [2,3].  The  basic  recognition  was  that  if  a  uniform- 
density  core  is  made  to  pulsate,  particles  that  initially  lie 
outside  the  core  and  that  resonate  with  its  pulsations  can 
reach  large  amplitudes  and  form  a  ‘halo’.  This  led  to  the 
identification  of  parametric  resonance  as  the  essential 
mechanism  of  halo  formation. 

The  key  feature  of  parametric  resonance  in  the  context 
of  the  particle-core  model  is  a  hard  upper  bound  to  the 
amplitude  that  a  halo  particle  can  reach  [4].  The  particle’s 
orbital  frequency  is  a  function  of  its  amplitude.  At  large 
amplitude  the  particle  falls  out  of  resonance  with  the  core, 
thereby  preventing  the  amplitude  from  growing  further. 
This  lends  hope  to  the  possibility  of  computing  an 
aperture  requirement  for  beamline  components;  smaller 
aperture  requirements  are  preferred  in  that,  for  example, 
they  mitigate  concerns  about  shunt  impedance  in  the 
accelerating  cavities. 

An  important  question  is  whether  there  is  any  physics 
not  included  in  the  particle-core  model  that  could 
significantly  influence  the  maximum  particle  amplitude. 
Herein  we  show  that  the  answer  is  yes;  the  presence  of 
colored  noise  can  potentially  boost  a  statistically  rare 
particle  to  much  larger  amplitudes  by  continually  kicking 
it  back  into  phase  with  the  core  oscillation. 

♦Work  supported  by  DoEd  Grant  G1 A62056. 
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METHODOLOGY 

Following  the  ground-breaking  work  that  introduced 
the  particle-core  model  [2,3],  we  consider  radial  orbits 
governed  by  the  dimensionless  equation  of  motion 

x + *[(1  -  - 1) + 2 (A#  - 1)  cos  cot  0(1  - |  *[)] =0,  ( 1 ) 

where  *  is  normalized  to  the  matched  core  radius  a,  time 
is  multiplied  by  the  external  focusing  frequency  Q,  (0  is 
the  core-oscillation  frequency,  M=a(0)/a  is  the  mismatch, 
i.e.,  the  ratio  of  initial-to-matched  core  radii,  and  ©(«)  is 
the  Heaviside  step  function.  The  first  and  second  terms  in 
square  brackets  govern  the  motion  of  the  particle  when  it 
is  outside  and  inside  the  core,  respectively. 

We  add  to  Eq.  (1)  fluctuations  in  the  form  of  Gaussian 
colored  noise  such  that  co  (o(t)=co0+Sco(t),  with 

(&>(/))  =  0  and  (fe(r>5to(fi))ocexp(-|f-f1|/rc),  (2) 
in  which  tc  is  the  autocorrelation  time.  Upon  generating  a 
colored-noise  signal,  we  calculate  <|&y|>  which  becomes  a 
measure  of  the  noise  strength.  Colored  noise  is  a  realistic 
phenomenon  that  will  arise  self-consistently  from  charge- 
density  variations  and  from  irregularities  in  the  beamline; 
in  the  former  case  the  autocorrelation  time  could  be  short, 
say  of  the  order  of  a  plasma  period,  and  in  the  latter  case 
it  could  be  long,  say  several  betatron  (orbital)  periods  [5]. 

We  fix  the  mismatch  parameter  at  M=  1.5,  and  the  initial 
conditions  of  the  orbit  at  jc(0)=1.2,  i(0)  =  0.  The  orbit  is 
computed  from  Eq.  (1)  first  without,  then  with,  the  noise 
of  Eq.  (2)  using  a  variable-time-step  integrator.  For  zero 
colored  noise,  the  maximum  amplitude  \xmax\  depends  on 
the  core-oscillation  frequency  co0\  Fig.  1  shows  this 
dependence.  The  particle  can  reach  relatively  large 
amplitudes  for  a  wide  range  of  frequencies  cOq.  We 
present  results  for  £>0=3.53  because  the  associated  power 
spectra  of  the  orbits  are  especially  clear;  different  choices 
of  COq  do  not  change  the  essential  findings. 


with  zero  noise.  The  horizontal  line  is  at  *(0)=1.2. 
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We  consider  the  colored  noise  to  be  a  random  process, 
which  means  each  individual  particle  will  see  a  different 
manifestation  of  the  noise.  Thus,  in  an  ‘axisymmetric’ 
model,  such  as  that  of  Eq.  (1),  each  particle  initially 
occupying  a  thin  annulus  centered  at  radius  jc(0)  will 
experience  noise  that  differs  from  that  seen  by  each  of  the 
other  particles.  Accordingly,  we  adopted  a  ‘survey 
strategy’.  For  the  given  initial  conditions  and  a  specific 
choice  of  noise  parameters,  we  sequentially  computed 
10,000  orbits,  each  experiencing  its  own  random 
manifestation  of  the  colored  noise,  and  we  catalogued  the 
maximum  amplitudes  of  these  orbits.  As  is  shown  and 
explained  below,  the  colored  noise  will  keep  a  statistically 
rare  particle  in  phase  with  the  core  oscillation  such  that 
this  particle  reaches  much  larger  amplitudes  than  without 
colored  noise.  Moreover,  as  time  progresses,  its 
maximum  amplitude  will  grow  indefinitely.  We  shall 
demonstrate  that  there  is  in  principle  no  hard  upper  bound 
to  the  halo  amplitude  in  the  presence  of  colored  noise. 

RESULTS 

Without  Colored  Noise 

The  case  of  zero  noise  constitutes  the  baseline  against 
which  to  assess  the  influence  of  colored  noise.  The 
corresponding  orbit  x{t)  and  its  power  spectrum  appear  in 
Fig.  2.  The  orbit,  which  we  integrated  to  high  precision, 
reaches  a  maximum  radius  xmax=3.9;  it  goes  no  further 
regardless  how  long  the  orbit  is  integrated.  Parametric 
resonance  indeed  establishes  a  hard  upper  bound  to  the 
orbital  amplitude  in  the  absence  of  noise. 

The  power  spectrum,  however,  is  complicated,  and 
stays  complicated.  As  Fig.  2  suggests,  there  is  interplay 
between  harmonics  of  the  external  frequency  Q  and  core- 
oscillation  frequency  co0  (since  time  is  measured  in  the 
unit  of  the  inverse  external  frequency,  Q  -  1  here).  The 
interplay  results  in  the  formation  of  not  only  several 
prominent  spectral  lines,  but  also  continua,  signifying  that 
the  orbit  is  chaotic. 
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Fig.  2.  (top)  Orbit  without  noise;  (bottom)  power 
spectrum  (Fourier  transform  of  the  orbit). 


With  Colored  Noise 

The  influence  of  noise  on  halo  formation  depends  on  its 
strength  (|&u|)  and  its  autocorrelation  time.  For  two 
choices  of  autocorrelation  time,  tc  -  1  z  and  tc  =  12r,  with 
t  denoting  the  representative  orbital  period  of  the  particle, 
we  investigated  a  broad  range  of  strengths,  specifically 
10'5  <  (|<5i£y|)  <  1,  with  the  goal  of  ascertaining  to  what 
extent  the  results  may  be  regarded  as  generic.  All  of  the 
results  presented  herein  derive  from  sequential 
computations  of  10,000  orbits  with  noise  randomly 
generated  for  each  orbit  separately. 
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Fig.  3.  Example  manifestations  of  colored  noise  along 
an  orbit  for  (\Soj{)=0.09  and  tc=  l.5z  (top),  12r  (bottom). 

Manifestations  of  colored  noise  that  a  particle  might  see 
are  illustrated  in  Fig.  3,  which  is  provided  as  an  aid 
toward  conceptualizing  the  physical  meaning  of  the  noise 
parameters.  Shown  there  are  manifestations  of  noise  for 
tc-  1.5 rand  12rfor  a  fixed  range  (|&y|)=0.09. 

Next,  we  consider  the  one  particle  out  of  the  sample  of 
10,000  that  reaches  to  the  largest  amplitude  [xmajc|  during 
the  integration  time  of  80  r,  which  is  representative  of  the 
length  of  a  1  GeV  proton  linac.  Results  for  fixed  tc  -  12  r 
and  (|<5icy|)=0.09  are  provided  in  Fig.  4,  which  shows  this 
special  orbit.  Figure  4  also  shows  the  distribution  of  \xmax\ 
for  the  entire  10,000-orbit  sample.  Notice  that  for  this 
case  \xmax\  averaged  over  the  sample  is  less  than  3.9,  the 
value  pertaining  to  the  bare  parametric  resonance.  This 
means  the  noise  kicks  ‘typical’  particles  out  of  phase  with 
the  core  oscillation  while  it  simultaneously  kicks  rare 
particles  into  phase.  Also  plotted  is  \xm(VC\  versus  (|&y|), 
from  which  one  sees  that  even  much  weaker  noise  can 
suffice  to  eject  rare  particles  to  larger  amplitudes  relative 
to  the  parametric  resonance  alone.  This  is  due  to  the 
chaoticity  of  the  orbits  in  that  their  inherent  continuum  of 
frequencies  enhances  the  coupling  of  the  noise  to  the  orbit 
even  when  (|<5icy()  is  small.  The  power  spectrum  of  these 
rare  orbits  eventually  becomes  sharply  peaked  at  the 
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particle’s  orbital  frequency.  Interestingly,  we  find  for  tc  = 
lr  that  there  is  no  substantial  difference  in  the  results; 
they  are  qualitatively  the  same. 


time  (orbital  periods) 


Fig.  4.  (top)  Orbit  of  the  one  particle  reaching  the  largest 
\xmax\  given  noise  with  (|&y|}=0.09,  tc  =  12r.  (middle) 
Distribution  of  \xmax\  of  all  10,000  particles  in  the  sample; 
the  lines  show  largest  \xmax\  with  no  noise  (dashed)  and 
with  this  noise  (dotted),  (bottom)  Largest  \xma)\  reached 
by  any  particle  vs.  <|<Sa|>  with  tc  =  12r  (triangles);  mean 
\xmax\  of  the  10,000-particle  sample  (diamonds). 

If  the  integration  time  is  extended  indefinitely,  then 
there  are  orbits  that  continue  to  grow  to  seemingly 
unlimited  amplitude.  The  orbit  of  one  such  particle 
appears  in  Fig.  5.  This  long-time  orbit  exemplifies  that 
there  is  in  principle  no  upper  bound  to  the  halo  amplitude 
in  the  presence  of  colored  noise. 

DISCUSSION 

The  influence  of  colored  noise  on  particle  orbits,  and  in 
particular  its  role  in  generating  large  diffuse  halos  in  time- 
dependent  potentials,  appears  to  be  generic,  i.e.,  not 


restricted  to  the  simple  particle-core  model  of  Eq.  (1). 
For  example,  we  did  the  same  numerical  experiments 
using  a  model  of  a  beam  bunch  in  which  the  unperturbed 
potential  is  a  spherically  symmetric  configuration  in 
thermal  equilibrium  [6]  and  the  perturbation  has  prolate 
spheroidal  symmetry  with  a  single  driving  frequency.  In 
this  potential  the  vast  majority  of  the  orbits  quickly 
became  chaotic  and  coupled  to  the  perturbation.  The  net 
effect  as  concerns  halo  production  was  qualitatively  the 
same  as  described  above,  though  the  dynamical  details 
were  richer,  reflecting  the  more  complicated  potential. 
The  collection  of  findings  suggests  that  formation  of  large 
diffuse  halos  is  not  particularly  sensitive  to  details  in 
either  the  governing  potential  or  the  noise. 

It  remains,  of  course,  to  explore  the  extent  to  which  this 
phenomenology  applies  in  a  real  machine.  Doing  so  will 
involve  simulations  of  beams  in  real  beamlines.  One 
possibly  fruitful  approach  is  to  extract  the  smooth,  time- 
dependent  potential  from  the  simulations  and  then  pursue 
a  statistical  analysis  in  parallel  to  what  we  have  done  here. 
Alternatively,  the  colored  noise  may  be  built  into  the 
simulation  itself.  A  realistic  manifestation  of  the  colored 
noise  would  need  to  reflect  the  machine  design,  i.e.,  by 
incorporating  imperfections  in  the  fields  and  hardware 
alignment,  and/or  by  including  details  of  the  evolving 
space-charge  potential  such  as  a  sufficiently  detailed 
mode  spectrum.  Of  course,  as  the  beam  is  accelerated  and 
becomes  relativistic,  space  charge  will  become 
decreasingly  important,  and  growth  of  the  halo  will 
thereby  be  mitigated. 
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Fig.  5.  Long-time  evolution  of  a  large-amplitude  orbit 

given  noise  with  <|&y|)=0.09,  tc  =  12 r. 
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INTRODUCTION 

Space  charge  effects  are  one  of  the  main  factors  that 
can  cause  beam  losses.  When  focusing  and  phasing  forces 
are  comparable  to  Coulomb  ones  summary  beam  field 
contains  considerable  much  nonlinear  component  of 
proper  field  that  leads  to  effective  phase  volume  growth. 
During  high-current  beam  motion  a  low-density  extent 
beam  part  (so  called  "halo")  appears.  Two  problems  must 
be  solved  in  order  beam  losses  not  exceed  the  given 
value: 

1)  input  beam  parameters  must  be  chosen  in  such 
manner  that  beam  size  in  the  channel  was  minimal; 

2)  channel  bore  radius  must  be  chosen  with  reserves 
to  ensure  hill  transmission  of  halo  particles. 

The  main  features  of  charge  redistribution  in  high- 
current  beam  during  bunching,  accelerating  and 
transporting  must  be  revealed  in  order  to  solve  above- 
mentioned  problems.  Experience  leads  us  to  use  results 
obtained  by  many  scientists.  Below  we  summarize  results 
of  the  work  on  this  problem  that  were  got  by  the  authors. 


BEAM  CHARGE  REDISTRIBUTION 
DURING  HIGH-CURRENT  BEAM 
TRANSPORTING 

The  main  feature  of  the  process  is  formation  of  core 
(area  near  axis  with  high  charge  density)  and  halo 
(peripheral  domain  with  low  charge  density)  with  intense 
particle  interchange  between  these  two  domains.  It  is 
common  knowledge  that  core-halo  formation  takes  place 
during  high-current  beam  transporting.  Nevertheless 
nobody  gives  strong  mathematical  definitions  for  core  or 
halo  sizes.  We  suppose  to  consider  plot  of  Coulomb  force 
versus  radius  and  Coulomb  force  maximum  Er  (see  Fig. 
1)  can  be  defined  as  core  boundary. 


Beam  core  definition. 

P(r)  -  beam  density,  E(r)  Coulomb  force 
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If  we  use  quadruple  focusing,  core  has  form  of  ellipse 
in  (x,y)~ plane.  Ellipse  semi-axes  are  defined  as  distances 
between  origin  and  points  of  maximum  for  Coulomb 
force  projections  on  each  of  transverse  axes  Ex,  Ey. 

The  studies  were  conducted  in  order  to  establish  that 
charge  distribution  inside  core  becomes  uniform  during 
the  motion.  For  this  fact  confirmation  charge  distribution 
inside  core  was  replaced  by  uniform  one  after  some  time. 
Result  comparison  shows  that  charge  distributions  core 
sizes,  rwA-emittances  and  so  on  have  only  a  weak 
difference. 

The  conducted  studies  show  that  in  steady  state  beam 
can  be  nominated  as  matched  one  if  core  oscillation 
frequency  coincides  with  focusing  period  frequency.  In 
such  cases  RMS  and  full  emittances  growth  will  be 
minimal. 

Among  infinity  number  of  phase  space  distributions 
that  give  uniform  projections  on  (x,y)~ plane  there  is  well- 
known  KV-distribution.  So  we  can  use  well-known 
analytical  results  for  obtaining  of  matched  beam  initial 
parameters. 

The  main  laws  of  mismatched  SCD-beam  charge 
redistribution  during  its  transport  can  be  stated  on  the 
base  of  performed  investigations: 

1)  The  main  futures  of  charge  redistribution  both  for 
matched  and  mismatched  SCD-beams  are  the  same  in  any 
focusing  channel.  A  beam  core-halo  formation  with  active 
particle  interchange  is  viewed  as  well  as  establishment  of 
core  uniform  charge  distribution. 

The  vast  majorities  of  core  particles  are  ex-halo  ones 
or  will  be  halo  ones  in  coming. 

2)  SCD  beam  core  oscillations  are  damping  and  halo 
oscillation  amplitudes  are  growth. 

3)  limited  oscillation  amplitudes  are  observed  for 
considered  parameters  (mw-emittance,  core  radius,  beam 
boundary  radius  and  so  on). 

4)  As  expected  the  relative  rms-emittance  growth 
was  increased  with  mismatching  increasing. 

5)  The  relative  mw-emittance  growth  was  practically 
the  same  for  Gauss  and  uniform  input  distributions. 

6)  In  the  case  of  mismatching  more  than  1 .5 
/ms-emittance  growth  is  bigger  and  faster  for  beam  which 
core  radius  exceeds  matching  value  in  comparison  with 
beam  which  core  radius  is  the  same  times  smaller. 

7)  In  a  transition  regime  Tms-emittance  growth  takes 
place  in  points  where  core  radius  growth. 

8)  Comparison  of  results  with  uniform  and  Gauss 
input  charge  distributions  in  beam  transporting  .in 
periodical  channel  shows  that  in  the  both  cases  final  core 
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mismatching  is  much  smaller  that  input  one.  In  the 
versions  with  Gauss  input  distributions  only  one 
frequency  coincide  with  frequency  of  external  focusing 
force  stays  clearly  defined.  It  can  be  say  that  core 
automatically  matched  with  periodical  focusing  channel. 
In  the  versions  with  uniform  input  distributions  core 
oscillation  frequency  does  not  coincide  with  external 
force  frequency.  It  can  be  concluded  that  when  potential 
energy  of  input  (Gauss)  beam  noticeable  bigger  than  the 
same  one  of  final  beam  charge  redistribution  leads  to 
beam  matching  and  accompanies  by  noticeable  kinetic 
energy  growth.  In  another  case  potential  energies  of 
output  and  input  beams  slightly  differs  and  full  matching 
does  takes  place  but  core  oscillations  in  this  case  also 
noticeable  reduced. 

9)  J7ws-emittance  growth  with  the  same  input 
mismatching  is  less  if  input  beam  density  is  bigger. 

10)  Transition  process  study  shows  that  a  mechanism 
of  core  density  equalization  takes  place  during  core 
oscillations.  This  process  is  connected  with  oscillations  of 
charge  amount  inside  core  and  is  in  anti-phase  with  core 
oscillations.  When  core  size  is  reduced  number  of 
particles  that  lost  core  exceeds  number  of  particles  that 
enters  core,  i.e.  core  charge  reduced  and  core  density 
aligning.  The  opposite  process  takes  place  when  core  size 
increased.  Kinematics  effect  explains  the  process  partly: 
halo  particles  catch  up  with  beam  boundary  when  core  is 
reduced  and  halo  particles  move  towards  beam  boundary 
when  core  is  increased. 

Conclusion  can  be  made  that  the  state  with 
matched  core  is  energetically  best  suited  to  beam 
transporting  in  the  focusing  channel  (it  is  a  state  with 
beam  minimal  internal  energy). 


THE  BUNCHING  PROCESS  MAIN 
FEATURES  FOR  HIGH-CURRENT  BEAM 

In  the  previous  part  SCD-beam  transporting  was 
considered  when  beam  density  in  equal  manner  was 
changed  in  each  transverse  crossection  and  it  had 
remained  intact  in  longitudinal  direction.  In  present 
division  we  try  to  elucidate  the  main  features  of  SCD- 
beam  bunching.  As  usual  we  will  consider  the  simplest 
model  of  the  process.  In  the  frame  of  the  model  we 
proposed  that  particle  transverse  motion  is  absent  and  we 
observe  only  Coulomb  force  reaction  on  bunching  in 
longitudinal  direction.  In  considered  case  charge 
distribution  in  transverse  directions  will  be  the  same  for 
all  beam  crossections  (we  suppose  that  it  is  uniform)  and 
charge  density  modulation  take  place  only  in  longitudinal 
direction.  Synchronous  phase  -90°  corresponds  to  beam 
center  that  moves  with  constant  velocity.  Because  initial 
beam  is  continuous  and  non-modulated  so  modulation 
always  will  be  periodical. 

In  given  case  we  have  a  possibility  to  deduce  and 
analyze  several  relations  for  proper  field  of  beam  flow 
with  periodic  charge  distribution. 


Let  us  considered  axial  symmetrical  charge  flow 
along  Z-axis  with  velocity  v  and  radius  Rb  inside 

cylindrical  channel  with  radius  Ra .  Let  us  considered  that 
beam  current  I(r,z)  periodically  varies  along  Z  with 
period  L. 

If  density  is  periodical  one  it  can  be 

presented  as  Fourier  series 

oo 

p[r,z)~  ^pk  cos  cokz 

k= o 

Then  we  obtain  potential  U  in  the  form  of  series 


where  a  =  2 njL ,  function  C(x,y)  defines  as 

(2(x  v\ _  lx  (x) + (y)Jo (*)  _  ( j  (  w  ( •.  i '  /  \i  t  \\ 

rf/.P.W+c.M/.W) 

Correspondingly 
_  dU  21  ^ 

OZ  £0VL  k=Q 

where  qk  are  decomposition  harmonics  for  JL.p(r  z) . 

dz 

Let  us  consider  the  axis  field  and.  suppose  that 
x  =  cokRa ,y  =  Rb /Ra.  Then 


Fk(0,x,pc)  =  Fko(x,r)  = 


_J_  (1  C(X’V) 

6*)2  l  /„(*) 


Herewith 


£“F*«  ix>r)=\k~^r2)=D,, 


Below  Fk0(x,y)  -functions  will  be  called  as 
harmonic  factors. 

Let  us  consider  ion  bunching  in  the  field  of 
traveling  wave  with  amplitude  Em  and  frequency  co.  We 
suppose  that  particles  are  moving  along  channel  axis  and 
particle  velocities  are  non-relativistic 

dV 

=  -eEm  sin (kz  -  cot)  +  eEc 

where  ^  ,  *  =  ^,  L-fiJL,  A-v./c,  » 

Coulomb  field  intensity.  Jumping  from  variable  t  to 
variable  vst  —  zs  we  obtain 

dV  eE„  .  /w  xx  _ 


-sm(k(z-zs))+eEc 


Choosing  =  k(z  -  zs )  as  non-independent  variable 
and  jumping  to  bunching  phase  t  =  qz  q2  =  * eE™ 

S  * 


we  obtain  the  main  equation  of  bunching 
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Bunching  equation  general  view  shows  that  with  given 
relations  between  geometrical  sizes  RJL  and  RJRa 
bunching  process  is  defined  by  unique  parameter 

a  =  21Dj£0cfi2EmA 

It  means  that  in  the  frame  of  the  same  geometrical 
relations  bunching  process  does  not  changed  if  I/(WEmA)~ 
value  is  kept,  where  W  is  particle  energy.  If  maximal 
allowable  value  of  amax,  is  defined  then  ultimate  beam 
current  is  directly  proportional  to  particle  energy  and 
external  RF  field  amplitude  and  is  in  inverse  proportion  to 
operating  frequency/ 

Remark  L  It  can  be  shown  oneself  that  ultimate 
permissible  beam  current  will  be  growth  with  increasing 
of  RJL  because  all  Coulomb  field  harmonics  are  reduced. 
However  external  field  intensity  at  the  axis  Em  also 
reduced  as  \/lQ(2xRa  /L),  that  gives  more  upstanding 

effect  towards  reducing  the  beam  current  limit. 

Remark  2.  The  above  research  differs  slowly  from 
universally  accepted.  It  is  usual  to  suppose  that  ratio  of 
phase  force  to  Coulomb  one  does  not  depend  on  beam 
energy  and  Coulomb  force  reduced  with  beam  energy 
growth  due  geometrical  factor  RJL  reducing.  In  the 
present  work  coulomb  parameter  a  reduces  with  opposite 
proportionality  when  beam  energy  growth  though 
Coulomb  field  harmonics  increase  when  L  growth.  We 
can  calculate  that  first  harmonic  coefficients  are  growth 
only  2-2.5  times  during  unlimited  growth  of  L.  As  beam 
mean  velocity  J3  increases  effect  of  a  reducing  is 
prevailed.  If  in  the  relation  for  Coulomb  field  intensity 
factor  1/(27jRJL)2  will  be  included  into  a,  an  universally 
accepted  result  will  be  achieved. 

It  is  evident  that  particles  positioned  near  bunching 
center  during  their  moving  towards  center  form  potential 
barrier  for  following  particles.  During  the  first  quarter  of 
period  the  barrier  is  growth  and  each  next  particle  feels 
bigger  resistance  from  Coulomb  field  then  previous  one. 
So  during  the  first  quarter  of  period  a  hard  core  was 
generated  in  the  central  domain. 

Starting  from  some  value  of  a  particle  energy  loss 
needed  the  barrier  get  over  is  comparable  with  particle 
kinetic  energy  derivable  from  external  RF  field.  Starting 
from  this  value  of  abeam  can  be  nominated  as  SCD- 
beam. 

With  further  a  increase  additional  pulse  derived  by 
particle  after  exit  from  core  leads  to  essential  increase  of 
its  phase  oscillation  amplitude.  Starting  from  some  value 
of  a  fraction  of  particles  that  overflow  period  boundary 
(which  amplitude  exceeds  7t)  sharply  increased.  We  will 
call  such  particles  as  "lost"  ones. 

Increasing  a  more  and  more  we  will  come  to 
situation  when  particles  are  fully  decelerated  by  core  field 
and  they  cannot  pass  throughout  bunch  center.  However 
bunching  will  be  possible  in  this  case  also.  It  is  necessary 
to  match  rate  of  potential  barrier  growth  with  particle 


kinetic  energy.  The  rate  of  external  RF  field  growth  can 
be  used  as  matching  instrument. 

Computer  investigation  results  give  a  possibility  to 
make  several  conclusions  about  SCD-beam  bunching: 

1.  During  bunching  in  the  field  with  increment  amplitude 
beam  can  be  considered  as  SCD-beam  for  a  >  0.07.  For 
a>  1.2  beam  losses  are  appeared  and  beam  bunching 
without  losses  is  impossible  in  principle. 

2.  For  effective  SCD-beam  bunching  it  is  principal  to 
have  beginning  part  with  increment  field  and  with  length 
1  -1.5  periods  of  phase  oscillations. 

3.  With  beam  current  growth  (a>  0.8)  Coulomb  field 
harmonic  spectrum  defined  by  the  first  harmonic  that 
essentially  exceeds  the  other  ones. 

Specification  and  main  result  of  analysis  for  charge 
redistribution  inside  SCD-beam  are  contained  in  reports 
[1-6]. 
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Abstract 

In  the  flat  beam  experiment  at  Fermilab/NICADD  Pho¬ 
toinjector  Laboratory(FNPL)[l],  it  is  essential  to  have  a 
non-vanishing  longitudinal  magnetic  field  on  the  photo¬ 
cathode.  The  canonical  angular  momentum  of  the  elec¬ 
tron  beam  generated  by  this  magnetic  field  is  an  important 
parameter  in  understanding  the  round  to  flat  beam  trans¬ 
formation.  In  this  paper,  we  report  our  measurements  of 
the  canonical  angular  momentum,  which  is  directly  related 
to  the  skew  diagonal  elements  of  the  beam  matrix  before 
beam  is  made  flat.  The  measurements  of  the  other  elements 
of  the  beam  matrix  are  also  reported. 


The  most  general  form  of  a  rotationally  invariant  beam 
matrix  is  given  by: 


E  =  Md  •  E0  *  Mj,  with  S0  = 


ea ,T 
-CJ 


U  ' 
exT 


.  (5) 


where  Md  is  the  4  x  4  transfer  matrix  of  a  drift  space,  T 
and  J  are  2x2  matrices  defined  in  Eq.  6,  and  the  quantities 
eXf  P  and  £  are  constants. 


T  = 


P  0 

0  Y 


and  J  = 


0  1 

-1  0 


(6) 


THEORY 

The  round-to-flat  beam  transformation  was  proposed  by 
Brinkmann,  Derbenev,  and  K.  Flottmann[2]  based  on  the 
idea  of  flat-to-round  transformation  by  Derbenev[3].  An 
extensive  theoretical  treatment  of  the  transformation  was 
given  by  Burov,  Nagaitsev  and  Derbenev[4].  Here  we  sum¬ 
marize  the  main  results  obtained  in  these  papers  by  using 
an  approach  based  on  the  rotational  symmetry  and  two  as¬ 
sociated  invariants  of  the  beam  matrix[5] . 


Rotationally  Invariant  Beam  Matrix 

The  coordinates  of  a  particle  in  transverse  phase  space 
can  be  denoted  by  two  vectors: 


X 

/ 

and  Y  = 

'  y  ' 

X 

.  y' . 

The  corresponding  4x4  beam  matrix  is  then  defined  by 


£  = 


(XXT) 

{YXT) 


{. XYT )  ' 
(YYt) 


Let  R  be  the  4  x  4  rotation  matrix  : 


(2) 


If  the  beam  matrix  is  diagonalized  through  some  sym- 
plectic  transformations,  it  takes  the  following  form  in  the 
diagonalizing  base: 


X) 


diag 


(ex  -  £)T_  0 

0  ( ex  +  C)T+  ’ 


(7) 


where  TL  and  T+  are  diagonal  matrices  similar  to  T  in 
Eq.  6.  The  beam  matrix  in  Eq.  7  represents  a  flat  beam 
which  is  completely  decoupled  in  the  two  transverse  planes 
with  (orthogonal)  transverse  emittances  given  by: 


el  &x  62  —  £x  +  C.  (8) 

The  fact  that  rotationally  invariant  beam  matrix  has  eigen¬ 
values  £1  and  £2  is  a  general  consequence  of  the  two  asso¬ 
ciated  invariants:  Det(E)  and  Tr(E  J4EJ4),  where  J4  is  the 
four  dimensional  unit  symplectic  matrix. 

In  the  flat  beam  experiment  at  FNAL,  the  photocath¬ 
ode  is  immersed  in  a  solenoidal  magnetic  field.  Consider 
an  electron  at  the  photocathode  surface  with  coordinates 
given  by  Eq.  1.  The  electron  coordinates  downstream  of 
the  solenoidal  field  are  then  given  by: 


R  = 


I  ^cos  6  I  •  sin  6 

X  = 

X 

/ 

,  Y  = 

y 

— I  •  sin  9  I  •  cos  0 

>  (3) 

x  —  Ky 

y'  +  Kx 

(9) 


with  I  standing  for  the  2  x  2  identity  matrix.  The  beam 
matrix  is  rotationally  invariant  if: 

E  =  R  ■  E  •  R~\  (4) 
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where  k  —  ,  Bz  is  the  longitudinal  magnetic  field  on 

the  photocathode,  P  is  the  particle  momentum.  From  Eq.  9 
and  assuming  there  is  no  correlated  moment  at  the  photo¬ 
cathode  surface  (i.e.  (xxf)  =  {xy)  -  . . .  =  0),  the  beam 
matrix  downstream  of  the  solenoid  takes  the  form: 


E 


sol  — 


A  k<j2J 
—ko2J  A  ’ 


(10) 
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where  a2  =  ( x 2)  =  (y2),  an  =  (a;'2)  =  (y/2),  and 

.  _  r  <t2  o  i 

A=[0  K2<72  +<t'2  J  ’  (11) 

The  beam  matrix  Eq.  10  is  of  the  form  E0  in  Eq.  5,  with 
the  following  identifications: 


e2=4>  +  £2,  p2  = 


where  eth  =  is  the  “thermal”  emittance  l.  For  an  an¬ 
gular  momentum  dominated  beam  (ncr  »  a'),  0  «  l/«. 

The  beam  matrix  after  acceleration  in  a  rotationally  sym¬ 
metric  structure  would  also  be  of  the  form  given  by  Eq.  10, 
with  the  thermal  emittance  in  general  larger  than  the  one 
on  the  cathode  due  to  the  space  charge  effect. 


Conservation  of  Canonical  Angular  Momentum 

The  cylindrical  symmetry  of  the  system  (both  of  the 
photo-emitted  beam  and  of  the  externally  applied  fields) 
leads  to  the  conservation  of  canonical  angular  momentum. 

On  the  photocathode,  the  electron  beam  does  not  have 
any  mechanical  angular  momentum.  Thus  the  averaged 
canonical  angular  momentum  is: 

(L)  =  eBzcr2  =  2  PC.  (13) 


Figure  1:  Beam  with  canonical  angular  momentum- 
induced  shearing  while  drifting.  The  dark  narrow  rectan¬ 
gular  can  be  a  slit  inserted  into  the  beam  line  in  order  to 
measure  the  shearing  angle. 


As  beam  propagates  outside  the  solenoidal  field,  the  me-  Figure  2:  One  set  of  images  needed  to  calculate  canonical 
chanical  angular  momentum  equals  to  the  canonical  angu-  an^u^ar  momentum- 
lar  momentum. 


EXPERIMENTAL  MEASUREMENTS 


Measurement  of  C 


Assuming  a  laminar  beam(i.e.,  neglecting  the  terms  xl 
and  y'  in  Eq.  9),  the  canonical  angular  momentum  of  an 
electron  can  be  inferred  from  the  observation  of  the  beam 
transverse  density  at  several  locations.  Indeed  a  measure¬ 
ment  of  the  beam  radii  rx  and  r 2  at  two  locations  along  the 
beam  line  Zi  and  z2y  together  with  a  measurement  of  the 
shearing  angle  0  of  the  beam  as  it  drifts  between  the  two 
considered  locations  provides  the  canonical  angular  mo¬ 
mentum  via: 


r\r2  sin# 
D  ’ 


(14) 


wherein  D  =  z2  —  z\.  The  method  is  illustrated  in  Fig.  1. 

To  measure  the  shearing  angle  we  intercept  the  beam  at 
location  zi  with  a  multi-slit  mask  consisting  of  horizontal 
slit  apertures.  The  thereby  generated  “beamlets”  are  then 
observed  at  the  location  z2.  All  the  beam  transverse  density 
measurements  are  performed  using  optical  transition  radi¬ 
ation  (OTR)  screens.  An  example  of  such  measurement  is 
illustrated  in  Fig.  2. 


JOur  definition  of  thermal  emittance  includes  both  the  thermal  emit¬ 
tance  induced  by  the  photo-emission  process  together  with  other  thermal- 
izing  effects  that  occurs  later  in  the  transport  line. 


By  observing  the  slit  images  on  different  OTR  screens 
downstream,  the  evolution  of  L  along  the  beam  line  can  be 
measured.  Such  a  measurement  is  plotted  in  Fig.  3.  Within 
experimental  error,  the  canonical  angular  momentum  of  an 
electron  calculated  from  different  screens  agrees  with  each 
other.  On  another  hand,  one  can  measure  the  photocathode 
drive-laser  beam  size  on  the  photocathode  surface,  this  to¬ 
gether  with  the  knowledge  of  Bzy  provide  a  measurement 


z  from  cathode  (m) 


Figure  3:  The  canonical  angular  momentum  of  an  electron: 
on  the  hard-edge  of  beam  spot  and  averaged  over  the  whole 
beam. 
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of  L  at  2  =  0,  which  is  in  good  agreement  with  the  canon¬ 
ical  angular  momentum  computed  along  the  beamline.  In 
Fig.  3  we  have  also  plotted  the  averaged  canonical  angular 
momentum  computed  from  (L)  =  Pala2  sin  0/D. 

Figure  3  demonstrates  the  canonical  angular  momentum 
is  conserved  for  each  electron  in  a  laminar  beam,  thus  { L ) 
for  the  beam  is  also  conserved.  Given  the  beam  energy  ~ 
15  MeV  in  the  experiment,  we  have  £  =  ^  «  0.62±0.04 
mm  mrad. 

In  a  separate  experiment  (with  a  different  laser  spot  ra¬ 
dius),  we  have  explored  the  dependence  of  canonical  angu¬ 
lar  momentum  on  Bz.  Our  results,  see  Fig.  4,  confirm  the 
expected  linear  dependence.  A  linear  regression  of  the  data 
gives  d(L)/dBz  =  0.08  ±  0.02  neV-s/G ,  to  be  compared 
to  d(L)/dBz  =  0.08  ±  0.03  neV-s/G  as  evaluated  from 
Eq.  13. 


Figure  4:  The  averaged  canonical  angular  momentum  of  an 
electron  with  different  magnetic  fields  on  the  cathode. 


Measurement  of  ex  and  (3 

From  Eq.  5,  the  RMS  beam  envelope  at  location  z  in  a 
drift  space  is  given  by: 


a{z)  = 


where  z0  is  the  beam  waist  location. 


(15) 


Figure  5:  RMS  beam  envelope  in  a  drift  space. 


We  can  measure  the  RMS  beam  size  a(z)  at  different 
locations  2  in  a  drift  space,  and  fit  the  thereby  measured 
beam  envelope  to  Eq.  15.  From  Fig.  5,  we  have  at  the  beam 
waist  location  (z0  =  4.79  ±0.20  m),ex  =  0.67±0.04mm 
mrad,  /3  - 1.79  ±  0.28  m. 


Prediction  of  Best  Possible  Flat  Beam  Emittances 

Now  that  £,  ex  and  6  are  measured,  we  can  predict  the 
best  possible  flat  beam  emittances  one  could  get  down¬ 
stream  of  the  round-to-flat  beam  transformer.  From  Eq.  8 
we  find:  =  0.05  ±  0.04  mm  mrad;  e2  =  1.29  ±  0.04 
mm  mrad.  Notice  that  for  Si,  the  error  is  comparable  to  the 
emittance  itself. 

Measurement  of  Flat  Beam  Emittances 

The  cylindrically  symmetric  beam  discussed  above  is 
made  flat  through  a  skew  quadrupole  channel.  The  experi¬ 
mental  setup  is  detailed  in  Ref.  [1, 6, 7].  Our  experimental 
conditions  here  differ  from  those  in  previous  references, 
where  the  emphasis  was  put  on  achieving  the  best  trans- 
verse  emittance  ratio.  In  the  present  experiment,  however, 
no  attempt  was  made  to  optimize  the  beam  emittance  by 
adjusting  Bz  or  a.  These  latter  values  were  kept  identical 
to  those  used  for  the  measurement  of  L  reported  in  Fig.  3. 
Note  also  the  bunch  charge  (~  1  nC)  was  twice  as  large  as 
in  Ref.  [1].  The  results  for  the  normalized  emittances  are: 
£i  =  1.5±0.3mmmrad;  =  59±9mmmrad.  The  afore¬ 

mentioned  errors  only  include  the  statistical  errors  arising 
from  the  calculation  of  the  RMS  beam  or  beamlet  sizes. 

CONCLUSIONS 

The  measurement  of  rotationally  invariant  beam  matrix 
upstream  of  the  skew  quadrupole  channel  gives  the  upper 
limit  of  the  achievable  flat  beam  emittances.  This  allows 
one  to  do  parametric  studies  to  prepare  a  beam  with  po¬ 
tential  to  be  manipulated  into  a  flat  beam  with  high  emit¬ 
tance  ratio,  without  having  to  actually  go  through  the  skew 
quadrupole  channel. 
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Abstract 

Beam  combining  and  compression  in  a  neutralized 
plasma  is  simulated  with  a  three-dimensional  particle-in- 
cell  code.  The  sensitivity  of  these  processes  to  perveance 
and  plasma  conditions  is  studied. 

INTRODUCTION 

Heavy  ion  fusion  (HIF)  requires  the  acceleration, 
transport,  and  focusing  of  many  individual  ion  beams.  Drift 
compression  and  beam  combining  prior  to  focusing  results 
in  10-100  individual  ion  beams  with  10~5— 10"4  C/m  line- 
charge  densities.  A  focusing  force  is  applied  to  the 
individual  ion  beams  outside  of  the  chamber.  For 
neutralized-ballistic  transport  (NBT),  these  beams  enter  the 
chamber  with  a  large  radius  (relative  to  the  target  spot  size) 
and  must  overlap  inside  the  chamber  at  small  radius  (~  3 
mm)  prior  to  striking  the  target.  In  this  paper,  we  consider 
the  combining  of  many  beams  in  the  presence  of  a 
neutralizing  plasma  over  roughly  10  m  just  upstream  of  a 
preformed  discharge  channel  specifically  for  pinched 
transport  modes.  Shown  schematically  in  Fig.  1,  the 
individual  ion  beams  combine,  drift,  and  possibly  compress 
before  being  captured  in  an  adiabatic  discharge  lens  still 
outside  of  the  chamber  and  injected  at  small  radius  into  the 
chamber.  Recent  work  for  assisted-pinched  transport 
(APT)  has  shown  that  a  discharge  channel  can  efficiently 
capture  and  transport  a  very  high  current  ion  beam  to  a  5- 
mm  spot  on  the  fusion  targetfl].  The  target  is  actually 
heated  on  two  sides  requiring  two  beam-guiding  discharge 
channels  and  two  return-current  channels  to  maintain 
symmetry.  In  the  APT  scenario,  possible  deleterious  effects 
of  beam  overlap  and  combining  may  include  instabilities 
and  increased  emittance  growth.  Implicit  particle-in-cell 
(PIC)  simulations  indicate  there  are  perveance  limits  above 
which  beam  filamentation  can  prevent  good  coupling  to  the 
discharge  channel.  The  goal  of  these  calculations  is  to 
elucidate  the  basic  physics  issues  of  plasma-neutralized 
beam  combining. 

The  calculations  are  performed  with  the  3-D  parallel 
Lsp[2]  PIC  code  to  address  the  issues  concerning  high 
plasma  densities.  In  particular,  an  energy-conserving 
implicit  algorithm  is  used  for  dense  plasma  where  the 
details  of  electron  plasma  oscillations  can  be  ignored.  We 
initially  treat  both  plasma  electron  macroparticles  with  fluid 
equations,  and  ion  species  are  treated  with  kinetic 
equations.  This  algorithm  has  also  been  employed  in 
modeling  heavy  ion  beam  propagation  in  the  1-100-mtorr 
pressure  regime.  [3 ,4]  In  order  to  initialize  a  reasonable 
beam-plasma  equilibrium,  a  neutral  beam  is  injected  at  the 
z  =  0  plane  that  was  stripped  to  charge  state  +1  in  the  first 
10  cm  of  transport  in  the  plasma.  Previous  attempts  to 


initialize  an  ion  beam  resulted  in  large  electromagnetic 
fields  in  the  sheath  at  the  injection  plane  that  increased 
beam  emittance. 

SIMULATIONS  OF  BEAM 
TRANSPORT 

We  first  examine  the  2-D  propagation  of  already 
combined  beams  in  a  10-m  length  conical  drift  section 
filled  with  a  plasma  of  density  roughly  that  of  the 
focused  beam.  The  outer  wall  radius  is  set  at  1.5  times 
that  of  the  ballistically  focusing  beam  and  provides  a 
space-charge-  limited  supply  of  electrons.  The  goal  is 
to  strike  the  adiabatic  channel  with  a  spot  radius  of  1 
cm.  The  channel  radius  decreases  from  2  cm  to  0.5  cm, 
compressing  the  beam  to  a  5-mm  radius.  We  examine 
several  beam  ions:  Ne+,  K+,  Xe+,  and  Pb+.  The  total 
energy  on  target  is  fixed  at  6  MJ  (3  MJ  on  each  side). 
The  beam  velocity  is  also  held  constant  with  a  tilt  from 
0.125-0.165  c.  Over  the  14.5-m  drift  length  to  the  target, 
the  100-ns  beam  pulse  will  compress  to  8  ns.  This 
configuration  tests  the  concept  of  plasma-neutralized 
drift  and  compression  and  is  not  an  actual  design.  The 
large  velocity  tilt  obviously  requires  an  achromatic  final 
focusing  lens.  The  combined  beam  is  injected  with 
uniform  density  as  an  annulus  with  5-cm  inner  radius 
and  10-cm  outer  radius.  For  a  Ne+  beam,  the  ion  average 
energy  is  210  MeV  with  a  150-kA  initial  current.  As 
the  ion  mass  increases,  its  energy  increases  and  the 
beam  current  decreases  to  maintain  the  total  3-MJ 
energy.  The  density  of  the  Ne+  beam  is  shown  in  Fig.  2. 
By  240  ns  (the  beam  pulse  has  already  compressed  by  a 
factor  of  2),  the  ion  density  is  compressed  preferentially 
at  the  beam  edges.  The  ensemble  emittance  grows  from 
an  initial  50  7i-mm-mrad  to  75  7i-mm-mrad  resulting  in  a 
fairly  large  spot  at  10  m.  The  bulk  of  the  beam  actually 
strikes  the  outer  wall  of  the  tube  near  z  =  10  m.  The 
radial  filamentation  is  a  result  of  imperfect  current 
neutralization  at  the  beam  edges  with  roughly  10—20  kA 
of  net  current  (beam  +  plasma  current).  These  currents 
are  in  rough  agreement  with  analytic  models  of  beam 
plasma  neutralization  that  predict  a  97%  current 
neutralization  for  this  case. [5]  The  propagation  gets 
progressively  better  with  increasing  ion  mass.  The  Xe+ 
beam  focused  to  the  required  1-cm  radius  with  only 
30%  emittance  growth  over  the  initial  13  7i-mm-mrad. 
This  beam  and  the  Pb+  beam  produced  a  sufficiently 
small  beam  spot  to  couple  to  the  discharge  channel  and, 
ultimately,  the  target.  We  also  tried  applying  a  1— 4  kG 
solenoidal  magnetic  field  to  reduce  the  growth  of  the 
filamentation  for  the  Ne+  beam.  Preliminary  calculations 
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show  the  transport  was  more  stable  with  a  4-kG  applied 
field. 

Simulations  of  actual  3-D  beam  combining  were 
performed  in  Cartesian  coordinates  with  14  the  actual 
volume.  Symmetry  boundary  conditions  were 
employed  at  the  x  =  0  and  y  =  0  planes  to  speed  the 
calculations  but  maintain  beam-beam  interaction.  As 
before,  the  beams  are  transported  in  a  10-m  conical 
tube.  We  injected  two  uniform-density  beams  of  3-cm 
radius  centered  at  x  =  6.50  cm  and  y  =  3.75  cm,  and  x  = 
3.75  cm  and  y  =  6.50  cm.  Their  edges  just  touch  at  the 
injection  plane.  This  configuration  of  two  beams  per 
quadrant  represents  eight  beams  in  the  full  volume, 
however,  only  interactions  between  nearest  neighbors  is 
modeled.  As  observed  in  the  2-D  simulations,  the 
lighter  beam  ions  exhibit  filamentary  structure.  Shown 


in  Fig.  3,  the  Ne+  beams  quickly  develop  five  distinct 
filaments.  The  combined  beam  emittance  grows  to  86 
n-mm-mrad— 15%  larger  than  the  2-D  case.  The  most 
interesting  case  was  the  K+  beam  which  exhibited  both 
2-D  and  3-D  structures.  The  individual  beams  develop 
an  annular  structure  before  combining  and  eventually 
fllamenting  in  azimuth.  The  filamentation  then 
saturates  at  a  modest  level  and  relaxes  to  a  more  2-D 
state.  As  before,  the  Xe+  beams  combined  quiescently 
with  an  adequate  1-cm  spot  at  10  m  with  a  combined 
beam  emittance  of  15  n-mm-mrad.  The  final 
emittance  of  the  combined  Xe+  beams  grew  to  15  n- 
mm-mrad  only  1 0%  more  than  the  sum  of  the  injected 
emittances  of  the  eight  individual  beams. 


Focusing 
ion  beams 

1  10  cm 


Plasma  drift  region 


Chamber 
first  wall 


Figure  1  A  schematic  of  the  final  focus  and  transport  of  ion  beams  for  assisted-pinched  transport  is  shown  The 
focusing  beams  enter  at  the  left. 


Ltq*nd 


Figure  2.  The  Ne+  beam  density  (log  with  legend  above)  after  80-ns  (left)  and  240-ns  (right)  transport  in  4  x  10H-cm"3 
plasma  is  shown.  Note  the  radial  filamentation. 
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SUMMARY 

We  have  simulated  the  drift,  combining,  and 
compression  of  HIF  beams  in  two  and  three  dimensions 
with  the  Lsp  code.  The  implicit  simulations  were 
designed  to  model  the  drift  section  prior  to  beam  capture 
in  the  adiabatic  discharge  channels  envisioned  for  APT. 
Maintaining  a  constant  ion  beam  energy  of  3  MJ,  the 
simulations  identified  the  consequences  of  a  few  percent 
of  unneutralized  beam  current.  The  10—20  kA  of  net 
current  for  the  Ne+  beams  was  sufficient  to  filament  and 
disrupt  focusing  to  the  desired  1-cm  spot  after  10  m  drift. 
The  Xe+  ions  exhibited  much  less  severe  behavior  than 
the  Ne+  beams  producing  an  adequate  spot  for  APT  with 
only  10%  emittance  growth.  Using  an  extreme  30%  beam 
velocity  tilt,  the  compression  of  the  beams  from  100  ns  to 
8  ns  on  target  did  not  appear  to  cause  additional  problems 
beyond  the  effect  of  increasing  the  combined  beam 
current  (and  net  current). 


A  sufficiently  large  solenoidal  field  has  the  potential  to 
reduce  magnetic  pinch  effects  by  forcing  purely  axial 
electron  neutralization.  The  effect  of  a  solenoidal 
magnetic  field  on  the  2-D  transport  of  the  Ne+  did  reduce 
the  instability  growth  in  2-D  simulations.  Future  work 
must  include  larger  (>  1  Tesla)  and  fields  that  are  tailored 
to  the  beam  trajectory.  Simulations  in  the  full  3-D 
volume  are  required  to  study  the  evolution  of  dipole 
instabilities. 
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Figure  3.  For  the  3-D  LSP  simulation,  the  Ne+  beam  density  (log  with  legend  above)  after  160-ns  (left)  and  240-ns 
(right)  transport  in  4  x  10  -cm3  plasma  is  shown  at  the  z  =  410-cm  and  810-cm  planes,  respectively.  Note  the 
azimuthal  filamentation. 
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Abstract 

The  APS  injector  includes  a  conventional  S-band 
linear  accelerator  with  three  separate  electron  sources. 
Two  electron  guns  are  used  as  primary  and  secondary 
sources  for  injection  into  the  APS  7-GeV  storage  ring, 
while  a  separate  laser  photocathode  gun  is  available  for 
ffee-electron  laser  (FEL)  research.  We  report  here  the 
results  of  the  dependence  of  30-GHz  coherent  microwave 
transition  radiation  on  electron  bunch  length.  Sensitivity 
to  pulses  as  short  as  200  to  300  femtoseconds  has  been 
demonstrated. 


BACKGROUND 

As  part  of  upgrade  efforts  to  generate  very  short  (<  1 
ps)  bunches  in  the  APS  linac  to  support  FEL  research,  a 
bunch  compressor  was  installed  in  CY2000-2001.  The 
APS  linac  is  used  75%  of  the  time  for  routine  top-up 
injection  to  the  storage  ring  every  two  minutes,  with  the 
balance  of  25%  of  the  time  reserved  for  injector  studies, 
operator  training,  and  FEL  studies.  A  bunch  compressor 
is  installed  in  linac  sector  three,  where  the  electron  beam 
energy  is  approximately  150  MeV. 

A  diagnostic  station  including  an  infrared  Michelson 
interferometer  [1,2]  is  located  immediately  downstream  of 
the  bunch  compressor.  It  consists  of  a  vacuum  cube  with 
two  ports  in-line  with  the  electron  beam  and  one  port 
devoted  to  an  actuator  with  an  insertable  mirror  inclined 
at  a  45  degree  angle.  A  separate  port  has  a  commercial- 
grade  fused  silica  Window  providing  the  optical  path  to 
the  interferometer.  This  interferometer  is  sensitive  to 
coherent  transition  radiation  generated  by  the  electron 
beam  striking  the  mirror. 

For  the  duration  of  the  summer  2002  APS  operating 
period,  a  Ka-band  microwave  detector,  shown  in  Figure  1, 
was  installed  in  the  optical  path  of  this  diagnostic  station, 
“looking”  directly  into  the  aforementioned  window.  For 
this  measurement,  the  waveguide  H-plane  was  oriented 
vertically,  and  the  mirror  orientation  was  such  as  to 
deflect  the  radiation  in  the  horizontal  plane.  Figure  2 
represents  a  plan  view  of  the  measurement  geometry. 

SIMULATION  RESULTS 

Simulation  results  [3]  showed  the  potential  for  the 
generation  of  electron  bunches  as  short  as  10  to  20  fs  rms, 
provided  that  reasonable  improvements  in  linac  rf  system 

♦Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic  Energy 
Sciences,  under  Contract  No.  W-3 1  -1 09-ENG-38. 


stability  were  made.  In  actual  fact,  recent  experiments 
indicate  that  the  minimum  attainable  bunch  length  using 
the  present  linac  hardware  is  somewhere  in  the  range  of 
200  to  250  fs  rms  using  the  laser  photocathode  gun  (PC 
gun)  [4],  and  250  to  300  fs  using  thermionic  rf  gun  2. 

The  PC  gun  emits  a  single  pulse  of  electrons  at  up  to 
a  6-Hz  duty  cycle,  with  the  temporal  profile  defined  by 
the  laser  pulse.  In  contrast,  rf  gun  2  emits  an  8- 
nanosecond-long  train  of  pulses  separated  by  350  ps,  with 
the  pulse  train  duty  cycle  being  as  high  as  30  Hz. 


30  GHz  mm-wave  detector 


Figure  1:  Microwave  horn  /  detector  assembly  used  to 
detect  coherent  transition  radiation. 


Experimental  Arrangement  for  Detection  of  30  GHz 
Coherent  Transition  Radiation 
(  L3  CTR  Diagnostic  ) 


Microwave  Horn  /  Receiver 


Figure  2:  Microwave  horn  /  detector  arrangement  used  to 
detect  coherent  transition  radiation.  Plan  view. 


Shown  in  Figure  3  is  the  geometry  used  in  a  MAFIA 
simulation  to  determine  the  output  of  the  microwave  hom 
resulting  from  the  collision  of  a  Gaussian  line  charge  with 
the  mirror.  Here,  the  beam  is  traveling  in  the  positive  Z 
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direction,  with  the  Y  axis  corresponding  to  the  vertical 
coordinate-the  H-plane  of  the  WR-28  waveguide.  The 
circular  beam  openings  upstream  and  downstream  of  the 
mirror,  and  the  waveguide  horn  output  were  constrained 
by  waveguide  boundary  conditions  in  the  MAFIA 
simulation. 


Figure  3:  Microwave  horn  geometry  used  in  MAFIA 
simulation. 


Results  of  the  simulation  at  the  waveguide  output  are 
shown  in  Figure  4. 

3.0E-13  - - ______ - 
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Figure  4:  Magnetic  and  electric  field  vs.  frequency  for 
0.7-ps  rms,  0.75-nC  line  charge  striking  a  mirror  inclined 
at  45  degrees. 


While  all  six  components  of  the  electromagnetic  field 
were  calculated,  only  those  corresponding  to  the  lowest 
propagating  waveguide  mode  (WR-28)  are  displayed. 
This  mode  has  a  cutoff  frequency  of  21.1  GHz,  consistent 
with  the  MAFIA  result. 

The  MAFIA  simulation  was  performed  after  actual 
experimental  results  using  the  detector  of  Figure  1  were  in 
hand,  so  it  was  somewhat  of  a  surprise  to  see  relatively 
little  predicted  signal  strength  near  30  GHz,  where  the 
detector  was  designed  to  be  most  sensitive.  The 
remaining  electromagnetic  field  components  had  strengths 


comparable  to  those  shown  in  Figure  3;  however,  Ex 
shows  a  cutoff  near  45  GHz,  and  Ey  shows  cutoff-type 
behavior  near  70  GHz.  Since  the  bunch  spectrum  extends 
out  to  a  few  hundred  GHz,  it  should  be  no  surprise  that 
these  higher-order  waveguide  modes  are  excited. 

In  fact,  you  can  do  a  simple  calculation  using  the 
method  of  images  to  convince  yourself  that  you  ought  to 
have  seen  no  signal  in  the  26.5-40  GHz  waveguide 
passband,  by  symmetry.  Shown  in  Figure  5  is  a  contour 
plot  showing  the  scalar  potential  shortly  after  a  150-MeV 
point  charge  has  passed  through  a  mirror  inclined  at  45 
degrees  relative  to  the  direction  of  motion. 


-0.1  0  0.1 


Figure  5:  Scalar  potential  of  an  electron  passing  through 
an  infinite  mirror,  indicated  by  the  diagonal  line.  The 
arrow  indicates  the  trajectory  of  the  electron. 

It  is  interesting  to  see  the  Coulomb  field  of  the 
particle  and  its  image  annihilate  each  other  at  the  instant 
that  they  strike  the  mirror.  On  the  other  side,  you  can  see 
the  Coulomb  field  reassembling  itself.  The  sphere 
centered  on  the  point  of  impact  is  the  light  cone.  Points 
inside  of  it  above  the  mirror  think  there  aren’t  any  charges 
anywhere,  and  similarly  points  outside  the  sphere  below 
the  mirror  also  think  there  are  no  charges  anywhere,  i.e., 
the  scalar  potential  is  zero.  Given  that  one  part  of  the 
electric  field  can  be  written  as  the  gradient  of  the  scalar 
potential,  the  step  change  in  potential  at  the  light  cone  will 
contribute  a  large,  radially  polarized  electric  field, 
consistent  with  known  properties  of  transition  radiation 

[li¬ 
lt  appears  that,  by  symmetry,  we  expect  that  the 
lowest  TEl0  waveguide  mode  would  not  be  excited  at  all. 
Being  good  experimentalists,  and  prior  to  realizing  this, 
we  installed  a  30-GHz  microwave  horn  anyway,  as 
described  above,  basically  to  “see  what  happens.” 

EXPERIMENTAL  RESULTS 

Lo  and  behold,  using  the  device  shown  in  Figure  1 
with  its  passive,  nonlinear  detector  (i.e.,  a  diode)  driving  a 
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50-ohm  line  (Andrews  FSJ1-50),  the  oscilloscope  traces 
of  Figure  6  were  collected. 

First  Results  June  2,  2002 
30  GHz  detector  driving  50  Ohm  line 

9  A  oTa  Manr*! 


Figure  6:  Microwave  horn  /  detector  signal  from  8-ns,  S- 
band-modulated,  150-MeV  beam  striking  a  mirror. 

The  different  traces  correspond  to  changes  in  the  rf 
gun  2  alpha-magnet  setting,  which  had  the  effect  of 
changing  the  bunch  length.  An  attempt  was  made  to  keep 
the  macropulse  charge  constant  at  approximately  0.5  nC. 
In  fact,  at  the  extreme  of  short  bunch  length,  the 
transmitted  charge  actually  decreased,  but  this  resulted  in 
the  largest  signal  from  the  detector. 

Shown  in  Figure  7  are  data  collected  with  the  addition 
of  an  in-tunnel  transimpedance  amplifier,  since  the 
microwave  detector  was  never  designed  to  drive  a  50-ohm 
line.  The  tradeoff  is  signal  strength  vs.  speed,  as  can  be 
seen  from  the  long  signal  decay  time. 

Results  with  20:1  Transimpedance  Amplifier 
Bunch  Lengths  Measured  w/  L5  Zero  phase  method 


RF  gun  2,  0.25  nC  /  8  ns  macropulse;  Charge  normalization  “by  eye” 


Figure  7:  Normalized  detector  signal  vs.  bunch  length. 

The  data  are  roughly  normalized  by  noting  the  beam 
current  reading  from  a  nearby  current  monitor.  In  this 
case,  a  careful  rms  bunch  length  measurement  at  each 
alpha-magnet  setting  was  performed  [4],  as  indicated  in 
the  legend. 

One  last  data  set  (Figure  8)  was  collected  prior  to 
removal  of  the  device,  but  this  time  a  careful  charge 
normalization  was  performed  by  collecting  a  nearby 
BPM’s  intensity  signal  using  the  same  oscillosope.  In  this 
case,  the  linac  wasn’t  behaving  itself  very  well,  and  we 


were  unable  to  get  the  rms  bunch  length  much  below  500 
femtoseconds.  The  data  set  does  fill  in  the  gaps  for  longer 
bunch  length,  and  shows  some  peculiar  differences  in 
decay  time  that  are  not  well  understood. 


August  29.  2002 


T  ?  n  e  ( rn  3  c  r  o  s  e  cords) 

Figure  8:  Accurately  normalized  signal  vs.  bunch  length. 

CONCLUSIONS 

One  final  observation  was  that  the  30-GHz  center 
frequency,  75 -MHz  bandwidth  bandpass  filter  shown  in 
Figure  1  is  not  a  very  good  filter  for  frequencies  above 
about  45  GHz.  Using  the  APS  Diagnostics  Group’s  50- 
GHz  network  analyzer,  it  is  clear  that  things  are  going 
awry  as  we  push  to  higher  frequencies.  It  is  reasonable  to 
suppose  that  the  really  high  frequency  junk  seen  in  Figure 
4  is  bleeding  through  to  the  detector.  This  is  a  likely 
explanation  as  to  why  this  device  is  such  a  good  bunch 
length  detector,  even  down  below  300  femtoseconds 
(that’s  3  degrees  of  phase  at  30  GHz). 

A  second  possibility  is  simply  that  alignment  is 
critical,  and  the  nulling  effect  described  earlier  only 
applies  to  the  condition  where  the  waveguide  is  accurately 
aligned  on  the  image  charge  trajectory  as  it  approaches 
the  mirror.  In  any  case,  it  was  very  gratifying  that  it  was 
so  easy  to  build  a  bunch-length  monitor  that  is  sensitive  to 
short  bunches  appropriate  for  free-electron  lasers  in  spite 
of  not  understanding  what  we  were  doing  at  the  time. 

ACKNOWLEDGEMENTS 

Michael  Borland’s  assistance  in  performing  the 
careful  independent  bunch-length  measurements  was 
absolutely  crucial  to  this  work. 

REFERENCES 

[1]  U.  Happek,  E.B.  Blum,  A.J.  Sievers,  Phys.  Rev.  Lett. 
67  (1991)  2962, 

[2]  A.H.  Lumpkin  et  al.,  Nucl.  Instrum.  Meth.  A  475 
(2001),  476. 

[3]  M.  Borland,  “Potential  Production  of  Ultrashort 
Electron  Bunches  with  the  Advanced  Photon  Source 
Linac,”  PAC’01,  Chicago,  IL,  p.  2209  (2001). 

[4]  M.  Borland,  J.  Lewellen,  “Initial  Characterization  of 
Coherent  Synchrotron  Radiation  Effects  in  the  APS 
Bunch  Compressor,”  PAC’01,  Chicago,  IL,  p.  2839 
(2001). 


2690 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


RHIC  TRANSVERSE  INJECTION  DAMPING* 


A.  Drees^,  R.  Michnoff,  M.  Wilinski,  C.  Montag,  P.  Cameron 
BNL,  Upton,  NY  11973 


Abstract 

Since  the  beginning  of  the  currently  ongoing  RHIC  run 
a  transverse  injection  damper  is  available.  The  damper  is 
based  on  a  fast  kicker  module  in  combination  with  a  HV 
power  supply  and  fast  HV  switches.  This  system  can  damp 
one  injected  bunch  at  the  time  with  a  given  kick  ampli¬ 
tude  (’’bang-bang  mode”)  for  several  hundred  turns.  This 
report  gives  an  overview  of  the  injection  damping  system 
and  summarizes  its  performance  and  our  experience  during 
the  first  months  of  usage. 

INTRODUCTION 

The  damper  module  used  for  the  RHIC  injection  damper 
is  based  on  a  VME  board  originally  designed  for  the 
AGS  damping  system  with  a  programmable  FPGA  (Field 
Programmable  Gate  Array)  [1].  The  existing  fast  trans¬ 
verse  kickers  [2],  which  are  currently  used  for  the  RHIC 
tune  measurement  system  [3]  serve  also  for  the  injection 
damper.  Since  only  used  at  injection,  the  kicker  hardware 
including  power  supply  and  fast  HV  switches  is  shared. 
With  this  system  one  single  bunch  can  be  damped  at  the 
time  only. 


service  building,  close  to  the  2  o’clock  interaction  region 
(IR2). 

KICKER  LOCATION 

Figure  1  shows  the  vertical  and  horizontal  beam  profiles 
in  terms  of  a  around  IR2  for  beams  at  100  GeV  with  a 
normalized  emittance  of  40  7rmm  mrad.  In  order  to  avoid 


distance  from  IR2  (m) 


KICKER  AND  BPM 

Each  ring  has  two  kicker  modules  with  four  2m-long 
stainless  steel  striplines  mounted  on  ceramic  stand-offs 
spaced  lm  apart  allowing  both,  horizontal  and  vertical 
kicks.  The  two  kickers  are  connected  in  series  to  provide 
4m  of  stripline  kickers.  Each  stripline  subtends  an  angle  of 
70°  at  an  aperture  of  7  cm.  The  assembly  is  designed  to 
give  500  impedance  when  opposing  lines  are  driven  in  the 
difference  mode.  Each  of  the  four  planes  can  be  powered 
independently.  So  far  only  pulsed  power  has  been  used. 
The  kick  pulses  are  generated  by  fast  FET  switches[4]  pro¬ 
ducing  an  approximately  140  ns  long  pulse.  By  centering 
this  pulse  on  the  measured  bunch  single  bunch  excitation  is 
possible  with  60  (RHIC  design)  and  even  up  to  120  bunches 
(RHIC  upgrade)  per  ring  where  the  bunch  spacing  is  about 
1 10  ns.  Only  one  out  of  the  60  or  120  bunches  respectively 
is  kicked.  All  switches  for  all  striplines  in  both  rings  are 
charged  by  one  5kV/2A  power  supply.  Most  BPMs  used 
in  RHIC  are  realized  by  short  circuited  transmission  lines 
of  23  cm  length,  with  a  design  impedance  of  50ft,  and  an 
aperture  of  7  cm  [5].  The  selection  of  BPMs  listed  in  [6]  is 
based  on  devices  with  analog  signals  available  in  the  1002 

*  Woric  performed  under  Contract  Number  DE-AC02-98CH 108 86  with 
the  auspices  of  the  US  Department  of  Energy. 
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Figure  1 :  Horizontal  (solid  line)  and  vertical  beam  profile  (dotted 
line)  in  units  of  sigma  around  IR2.  The  dashed  line  indicates  the 
old  kicker  location  from  where  it  was  moved  to  - 52  m. 

the  kickers  being  the  limiting  aperture,  they  have  to  be  at  > 
6  <7,  allowing  them  to  move  as  close  as  -52  m  from  the  IR. 
The  required  kick  strength  g  for  a  linear  amplifying  system 
can  be  defined  as: 

2  pi — —Ax' 

77=9=  VPsoPs -  (1) 

tj  x 

with  /  =  78  kHz  being  the  revolution  frequency,  t  be¬ 
ing  the  required  damping  time  and  Ps0i  (3S  being  the  (3- 
functions  at  the  location  of  the  kicker  and  at  the  location  of 
the  BPM  respectively.  Equation  1  can  be  used  as  a  conser¬ 
vative  estimate  for  the  required  bang-bang  kick  strength. 
After  a  certain  number  of  turns,  however,  the  bang-bang 
damper  would  become  counter-productive.  Therefore  the 
injection  damper  will  be  limited  to  a  few  hundred  turns  for 
damping.  For  linear  damping,  a  given  amplitude  should 
generate  a  kick  Ax'  of: 

Ax'=wmf  and  (2) 

X  =  —tfy/Pa  oFs-  (3) 

The  achievable  kick  angle  for  a  single  3  kV  pulse  is  about 
1 1  firad  at  injection  for  Au  and  p  [7].  Using  the  ^-functions 
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at  the  kicker  and  the  chosen  Q3/Q1  BPMs  (see  table  1)  and 
a  damping  time  of  200  turns,  i.e.  2.5  msec,  results  in  an 
approximate  orbit  amplitude  of  32  mm  vertically  (Ql)  and 
75  mm  horizontally  (Q3).  The  largest  observed  amplitudes 
at  injection  in  the  straight  sections  were  <  25  mm  in  both 
planes.  Therefore,  the  existing  kick  strength  should  be  suf¬ 
ficient  to  antagonize  injection  oscillations  in  both  planes. 

The  typical  phase  advance  in  one  turn  in  RHIC  is  ap¬ 
proximately  0.21/2? r  to  0.23/27T  for  both  planes,  corre¬ 
sponding  to  about  80°  .In  general,  the  tunes  are  fairly  close 
and  separated  by  some  0.01  to  0.02  only.  Therefore,  after 
one  full  turn,  a  local  phase  advance  of  close  to  0°  or  180° 
between  BPM  and  kicker  is  most  suitable  for  the  damper. 
With  this  configuration  a  total  shift  of  close  to  90°  will  be 
kept.  The  neighboring  Q3  BPMs  offer  0°  relative  to  the 
new  position  in  the  horizontal  plane.  The  Ql  BPMs  on  the 
other  side  of  the  IR  provide  an  approximate  phase  advance 
of  close  to  180°  relative  to  the  new  kicker  location  in  the 
vertical  planes. 


Table  1:  Approximate  (3  functions  at  the  location  of  the  blue 
and  yellow  kicker  and  damper  BPMs  around  IR2  for  the  injection 
lattice. 


device 

name 

blue  kicker 

plane 

HV 

s(m) 

2503 

/?*i 
px  (rn) 
67 

.0 

Py  (m) 
12 

bil-bh3 

H 

2519 

141 

48 

bo2-bvl 

V 

2581 

73 

73 

yellow  kicker 

HV 

2609 

67 

12 

yi2-bh3 

H 

2593 

141 

48 

yol-bvl 

V 

2531 

73 

73 

TRIGGER  AND  DATA  ACQUISITION 

Figure  2  sketches  the  signal  processing  and  triggering  of 
both,  the  BPMs  and  the  kickers,  for  a  bang-bang  injection 
damping  system.  The  damper  module  is  based  on  the  ex¬ 
isting  AGS  module  and  needs  adjustments  for  the  RHIC 
damper  in  the  I/O  area.  The  VI 24  module  [8]  receives  and 

RHIC  Injection  Damping  System 


Figure  2:  Block  diagram  for  the  RHIC  injection  damper. 


decodes  the  beam  synchronous  event  link  [9].  The  raw  data 
acquisition  from  the  two  BPM  planes  is  triggered  by  two 
channels  of  the  V124  board  where  a  total  of  8  channels  is 
available.  Each  channel  for  BPM  readout  and  the  kicker 
trigger  has  the  appropriate  delay  so,  on  tum-by-tum  acqui¬ 
sition,  the  same  bunch  will  be  observed  on  the  BPM  and 
then  kicked.  Start  turn  number,  total  number  of  turns  for  ac¬ 
quisition  and  damping  as  well  as  time  delays  are  all  param¬ 
eters  which  can  be  remotely  set  from  a  console  level  com¬ 
puter.  In  general,  the  VI 24  allows  the  system  to  be  trig¬ 
gered  by  any  event  broadcasted  on  the  beam  synchronous 
link  such  as  the  injection-event,  start-acceleration-event  or 
on  demand.  However,  to  damp  injection  oscillations  only 
the  injection-event  is  used. 

EXPERIENCE 

The  RHIC  transverse  damper,  although  only  working  in 
“bang-bang”  mode,  could  reduce  injection  oscillations  sig¬ 
nificantly  for  all  particles  used  in  the  RHIC  run  2002/2003: 
deuterons(d),  Gold  (Au)  and  protons  (p).  Figure  3  shows  a 
typical  injection  oscillation  (beam  position  as  a  function  of 
turn  number)  in  the  blue  vertical  plane  on  Dec.  27  02.  The 
oscillation  amplitude  of  the  incoming  beam  is  about  2  mm 
in  this  example  and  about  1  mm  when  the  amplitude  gets 
bigger  again  at  about  turn  number  650.  Figure  4  demon- 


Figure  3:  Injection  oscillation  without  transverse  damper  in  the 
blue  ring ,  vertical  plane ,  with  deuterons . 


Figure  4:  Injection  oscillation  with  transverse  damp  ON  for  the 
same  plane  as  above. 

strates  the  damper  performance  in  the  same  plane  with  the 
damper  turned  ON.  The  damper  is  kicking  for  20  turns  and 
the  oscillation  amplitude  is  reduced  to  0.1  mm.  There  is  no 
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visible  reoccurrence  of  the  oscillation  around  turn  650.  In 
general,  the  damper  efficiency  is  between  70%  and  90%  for 
the  various  beam  species  and  planes  and  the  default  number 
of  turns  for  the  damper  to  kick  was  set  to  50. 

Using  the  Ionization  profile  monitor  [10]  we  measured 
the  beam  profile  and  emittance  of  the  incoming  beam  at 
injection  with  the  damper  on  and  off.  Figure  5  shows 
the  beam  profile  in  the  yellow  horizontal  plane  (Au)  with 
damper  off  (left)  and  damper  on  (right).  The  normalized 
emittance  in  the  first  case  was  10  n  and  in  the  latter  8.5 
7r.  This  decrease  of  emittance  by  about  10-15%  was  repro¬ 
ducible. 


Figure  5:  Horizontal  beam  profile  at  injection  for  Au  particles 
with  transverse  damper  off  (left)  and  transverse  damper  on  (right). 


Figure  6:  Bunch  intensity  for  one  injected  Au-bunch  with  (left), 
without  (center)  and  again  with  (right)  transverse  damper. 

Figure  6  demonstrates  the  effect  of  the  reduced  emit¬ 
tance  on  the  bunch  intensity  of  the  incoming  beam.  When 
the  transverse  damper  was  used  the  intensity  could  be  in¬ 
creased  by  about  10%  compared  to  beam  injected  with  the 
damper  off. 
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CONCLUSION 

The  existing  tune  meter  kicker  modules  are  suitable  to 
act  as  a  transverse  injection  dampers  in  “bang-bang”  mode. 
Relative  to  the  kicker  location,  the  existing  Q3  and  Q1 
BPMs  provide  a  suitable  phase  advance  after  one  turn  of 
about  90°  and  270°  respectively.  The  high  ^-function  at 
the  BPMs  of  140  m  and  71m  respectively  eases  an  ampli¬ 
tude  measurement  with  good  signal  to  noise  ratio  in  both 
planes.  The  transverse  dampers  provided  reliable  injection 
oscillation  reduction  of  70-90%  in  all  planes  and  with  all 
species.  At  the  same  time  it  could  reduce  the  normalized 
emittance  of  the  incoming  beam  by  about  10-15%  and  in¬ 
crease  the  intensity  per  bunch  by  an  equivalent  amount  of 
10%. 
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RHIC  ELECTRON  DETECTOR  SIGNAL  PROCESSING  DESIGN* 


Abstract 


J.  Gullotta*,  D.  Gassner,  D.  Trbojevic,  S.  Zhang 
Brookhaven  National  Laboratory,  Upton,  NY  11973,  USA 

78.193  kHz.  There  are  360  RF  buckets  around  the  whole 


The  RHIC  gold  beam  intensity  is  presently  limited  by 
pressure  rise  at  some  warm  sections,  and  the  main  cause 
is  thought  to  be  the  electron  cloud.  For  the  FY2003  RHIC 
run,  a  system  has  been  installed  to  characterize  the  elec¬ 
tron  cloud,  if  it  exists.  The  system  is  comprised  of  elec¬ 
tron  detectors,  high  voltage  bias  supplies,  signal  amplifiers, 
and  data  acquisition  electronics,  all  integrated  into  the  Con¬ 
trols  system.  The  1 1  detectors  are  grouped  into  four  loca¬ 
tions,  one  in  an  interaction  region  and  three  in  single  beam 
straight  sections.  This  paper  describes  the  signal  process¬ 
ing  design  of  the  detector  system,  and  includes  data  col¬ 
lected  from  the  FY2003  run. 

INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  (RHIC)  at 
Brookhaven  National  Laboratory  has  eleven  electron  de¬ 
tectors  installed  for  measuring  the  electron  cloud  density 
in  the  beampipe.  This  paper  will  describe  the  construction, 
specifications,  and  tolerances  of  the  RHIC  electron  detec¬ 
tor  system.  Actual  results  are  presented  and  discussed  as  a 
verification  of  the  system’s  usefulness  as  a  tool  to  measure 
the  electron  cloud. 

OPERATIONS 

During  the  FY2002  RHIC  Au-Au  run,  intensity 
was  limited  to  5  x  108  ions /bunch  while  running 
110  bunches/ fill.  The  limiting  factor  was  vacuum  pres¬ 
sure  rises  which  caused  the  beam  to  abort.  These  pres¬ 
sure  rises  were  linked  to  beam  intensity  and  thought  to  be 
caused  by  the  beam  interacting  with  electron  clouds  in  the 
beampipe.  Design  intensity  of  RHIC  is  109  ions /bunch  at 
110  bunches/ fill.  This  limitation  caused  the  machine  to 
run  at  just  over  50%  of  design  intensity. 

We  are  currently  running  deuteron  on  gold(d-Au)  colli¬ 
sions  in  the  FY2003  run.  For  the  FY2003  d-Au  run,  inten¬ 
sity  has  been  lowered  to  avoid  electron  cloud  limitations, 
so  there  have  been  considerably  less  pressure  rise  events. 
However,  during  a  dedicated  beam  studies  period,  intensity 
was  maximized  to  induce  pressure  rises.  A  single  event 
that  resembled  electron  cloud  multipacting  occurred  coin- 
cidently  with  a  major  pressure  rise. 

Machine  Timing 

At  lOOGeV,  RHIC  has  a  revolution  period  of 
12.789  fisec  and  therefore  a  revolution  frequency  of 
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ring.  While  we  are  running  110  bunches  we  fill  every 
third  bucket,  and  leave  ten  consecutive  spaces  (30  buckets) 
empty  for  the  abort  gap.  The  length  of  one  RF  bucket  is 
35.53  nsec .  The  time  from  the  head  of  one  bunch  to  the 
head  of  the  next  is  106.575n$ec,  with  a  periodicity  of 
9.383Mifz.  The  abort  gap  is  1.066 fisec  long. 

Electron  Cloud  Structure 

Figure  1  shows  RHIC  electron  detector  signal  corre¬ 
sponding  to  a  vacuum  pressure  rise  during  fill  3107.  Figure 
2  is  a  wall  current  monitor  trace  showing  the  bunch  struc¬ 
ture  for  fill  3107.  Notice  the  two  groups  of  low  intensity 
bunches  which  cause  a  weaker  electron  cloud  signal.  The 
wall  current  monitor  signal  is  acquired  by  a  scope  sampling 
at  4GS/sec.  Therefore  the  x-axis  of  figure  2  is  1/Ansec 
counts.  The  y-axis  of  figure  2  is  an  arbitrary  scale  used  for 
relative  bunch-to-bunch  measurements.  The  electron  cloud 
signal  is  sampled  at  lGS/sec,  so  the  x-axis  in  figure  1  has 
units  of  nanoseconds.  The  units  of  the  y-axis  of  figure  1  are 
millivolts,  with  an  arbitrary  DC  offset. 

The  data  in  figure  1  shows  the  only  time  that  elec¬ 
tron  multipacting  is  thought  to  have  occurred  during  the 
FY2003  d-Au  run.  The  beam  was  lost  due  to  a  vacuum 
pressure  rise  about  20  seconds  after  the  data  in  figure  1  was 
taken.  Evidently,  the  scope  was  set  to  too  high  of  a  reso¬ 
lution  because  saturation  occurs  before  the  end  of  a  single 
turn.  In  subsequent  samplings  (not  shown)  during  this  fill, 
the  scope  is  saturated  as  soon  as  sampling  begins.  However, 
the  structure  of  the  signal  in  figure  1  closely  resembles  pre¬ 
vious  research  on  this  topic  [4] . 

According  to  the  physical  models  and  simulation  results, 
we  were  expecting  to  collect  electron  cloud  current  on  the 
order  of  50 fiA  during  electron  multipacting.  The  detector 
drives  an  amplifier  input  with  an  impedance  of  50 Cl.  There¬ 
fore,  the  expected  voltage  to  be  seen  on  the  output  of  our 
32dB  amplifier  is  lOOmV  minus  cable  losses. 

During  fill  3107,  the  scope  saturated  during  the  first  turn 
in  which  data  was  logged,  corresponding  to  at  least  80mV 
of  collected  signal.  We  can  only  hypothesize  that  the  max¬ 
imum  signal  collected  was  much  larger  than  80mV  before 
the  beam  was  aborted  20  seconds  later. 

SYSTEM  LAYOUT 

The  detectors  are  located  in  the  ring  at  four  major  loca¬ 
tions.  One  group,  having  two  detectors,  is  at  the  12  o’clock 
interaction  region.  The  other  three  groups  are  located  in 
straight  sections  in  12,  1,  and  2  o’clock  and  are  consti¬ 
tuted  of  the  other  nine  detectors.  The  signal  amplifiers  are 
all  located  in  the  ring  within  5  feet  of  each  detector.  The 
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Figure  1:  Electron  detector  signal  for  one  turn  during  electron  multipacting.  FY2003  d-Au  run,  fill  3107 


Figure  2:  Wall  current  monitor  for  fill  3107,  110  bunches 


high  voltage  power  supplies,  oscilloscopes,  RF  multiplex¬ 
ors,  and  trigger  sources  are  all  located  in  the  service  build¬ 
ing.  The  signal  is  carried  on  3/8"  foam  core  Heliax,  and 
the  bias  voltage  is  carried  to  the  ring  via  RG-59  red  75f2 
high  voltage  coaxial  cable. 

Scope  and  Trigger 

To  acquire  the  signal  read  back  from  the  detectors,  an 
ethemet  ready  scope  is  used.  This  scope  is  the  LeCroy 
Waverunner  LM354  2GS/s  4  channel  scope.  The  scope  is 
triggered  on  beam  events  using  our  VME  trigger  card,  the 
V124. 

Detector  Design 

The  detectors  are  installed  in  a  vacuum  tee  in  the 
beampipe  on  a  6.75”  conflat  flange.  The  signal  is  collected 
on  a  single  collector  anode,  which  is  a  flat  metal  plate  that 
has  a  surface  area  of  78.5c  2.  There  are  two  suppression 


grids  on  the  beam  side  of  the  anode  which  each  have  a 
transmittance  of  80%.  To  attempt  to  shield  the  detector 
from  RF  noise  and  image  current  effects,  the  port  is  cov¬ 
ered  with  a  perforated  steel  sheet  that  has  a  transmittance 
of  23%.  Therefore,  the  effective  surface  area  of  the  collec¬ 
tor  anode  is  11.75c  2  The  two  suppression  grids  and  the 
collector  anode  are  electrically  connected  to  external  elec¬ 
tronics  via  feed-thrus  in  the  flange[5]. 

Controls  Architecture 

Our  “Controls  System”  consists  of  many  VME  chassis 
and  the  ethemet  network  that  connects  them.  Included  in 
the  VME  chassis  are  device  cards  which  may  be  data  ac¬ 
quisition  devices,  trigger  sources,  muxes,  etc.  The  controls 
system  allows  for  the  remote  control  of  these  device  cards 
and  the  logging  and  display  of  the  data  that  is  read  back. 

Biasing 

The  suppression  grids  and  the  anode  need  to  have  their 
electric  potentials  specified  with  respect  to  ground.  Usually 
we  desire  these  potentials  to  be  variable.  ISEG  VHQ-202M 
VME  based  high  voltage  power  supplies  were  used  when 
a  variable  bias  was  needed.  However,  in  the  case  that  a 
fixed  voltage  is  suitable,  batteries  were  used  to  reduce  the 
complexity  and  cost  of  the  system.  For  nearly  all  measure¬ 
ments,  we  used  45VDC  to  bias  the  collector  anodes,  and 
grounded  all  of  the  suppression  grids. 

Signal  Amplifier 

Much  work  was  done  to  choose  the  correct  amplifier  for 
the  signal  path.  The  signal  is  very  small,  and  must  tra¬ 
verse  a  large  distanced  175  e  e  s  )to  our  data  acquisi¬ 
tion  electronics.  Currently,  and  since  the  system  was  in- 
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stalled,  the  signal  is  amplified  in  the  ring  using  an  AC  cou¬ 
pled  amplifier.  This  amplifier  is  a  wideband  amplifier,  the 
Sonoma  Instruments  310-N.  This  is  the  amplifier  that  was 
used  to  collect  the  data  in  figure  1. 

The  310  has  a  bandwidth  of  lOkHz-lGHz,  and  a  gain  of 
32dB.  It  was  thought  that  an  AC  coupled  amplifier  would 
be  well  suited  for  the  task,  but  it  seems  now  that  lower  fre¬ 
quency  signals  are  present  and  are  shrouded  by  the  low  fre¬ 
quency  cutoff  of  the  310.  Therefore,  we  are  developing  a 
new  amplifier  that  is  DC  coupled,  and  can  withstand  a  large 
input  bias  voltage.  The  details  of  this  design  follow. 

DC  AMPLIFIER  DESIGN 

The  application  specific  amplifier  is  a  DC  coupled  trans¬ 
impedance  amplifier  which  can  withstand  a  relatively  large 
input  bias  voltage,  and  has  a  bandwidth  of  25  MHz(see 
Table  1).  Since  we  assume  there  is  a  DC  component  of 
the  electron  cloud,  we  desire  that  the  amplifier  is  DC  cou¬ 
pled.  However,  we  want  to  continue  to  monitor  the  high 
frequency  components  of  the  signal.  Based  on  the  struc¬ 
ture  of  the  electron  cloud,  20  MHz  is  the  lowest  acceptable 
bandwidth. 


Table  1:  Amplifier  specifications 


Specification 

Value 

Bandwidth 

Input  Impedance 
Voltage  Gain 

Max  Bias  Voltage 
Bias  Volt.  Rejection 
Output  Impedance 
Noise  Figure 

Power  Supply 

DC-25MHz 

lkQ 

OdB 

65VDC 

103dB  min 

50  Q 
lOmV 

±12VDC,  120mA 

Electrical  Design 

To  allow  the  front-end  to  withstand  large  bias  voltages, 
an  amplifier  circuit  that  has  active  common-mode  rejection 
was  chosen.  The  circuit  used  is  similar  to  the  one  in  the 
literature  [1],  but  has  a  few  modifications  to  compensate 
for  sensitivity  on  the  output  to  bias  voltages  caused  by  cur¬ 
rents  induced  in  the  input  load.  This  was  not  a  problem  in 
the  literature,  but  our  application  is  slightly  different.  By 
using  this  amplifier,  we  are  able  to  bias  the  detector  up  to 
65  VDC,  while  DC  coupling  our  signal  path  to  the  data  ac¬ 
quisition  electronics.  The  amplifier  removes  the  DC  bias 
from  the  output  in  a  very  robust  way. 

Frequency  Domain  Design 

To  attempt  to  extend  the  bandwidth  of  the  amplifier,  a 
dynamic  model  of  the  system  was  developed  [3]  [6].  The 
actual  response  of  the  system  rolls  off  at  lower  frequency 


than  the  modeled  system,  but  has  a  similar  shape.  A  net¬ 
work  analyzer  was  used  to  obtain  the  actual  frequency  re¬ 
sponse.  The  lower  bandwidth  of  the  actual  system  is  most 
definitely  the  result  of  unmodeled  parasitic  elements  on  the 
prototype  board.  A  compensation  scheme  was  developed 
to  increase  the  bandwidth[2].  For  simplicity,  a  zero  was 
added  to  the  transfer  function  of  the  amplifier  at  about  10 
MHz. 

Testing 

One  of  our  spare  detectors  resides  in  an  evacuated  test 
chamber.  Also  in  this  chamber  is  an  electron  gun  that  we 
use  to  test  our  detector  and  amplifier  electronics.  We  use 
a  Kimball  Physics  fast  pulsed  electron  gun,  model  EFG- 
7/EGPS-7.  We  pulse  the  gun  at  1MHz  between  1%  and 
20%  duty  cycle  to  test  the  high  frequency  characteristics  of 
the  amplifier.  Tests  were  also  conducted  to  verify  the  DC 
nature  of  the  amplifier  using  constant  electron  current  from 
the  gun  [5], 

FUTURE  WORK 

At  the  time  of  this  paper,  the  DC  coupled  amplifier  had 
not  yet  been  used  in  the  ring.  We  plan  to  install  one  of 
our  DC  coupled  amplifiers  in  the  ring  during  our  polarized 
proton  operations  this  spring. 
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Abstract 

During  the  RHIC  2003  run,  two  beam  position  moni¬ 
tors  (BPMs)  in  each  transverse  plane  in  the  RHIC  blue  ring 
were  upgraded  with  high-capacity  mezzanine  cards.  This 
upgrade  provided  these  planes  with  the  capability  to  dig¬ 
itize  up  to  128  million  consecutive  turns  of  RHIC  beam, 
or  almost  30  minutes  of  continuous  beam  centroid  phase 
space  evolution  for  a  single  RHIC  bunch.  This  paper  de¬ 
scribes  necessary  hardware  and  software  changes  and  ini¬ 
tial  system  performance.  We  discuss  early  uses  and  results 
for  diagnosis  of  coherent  beam  oscillations,  tum-by-turn 
(TBT)  acquisition  through  a  RHIC  acceleration  ramp,  and 
ac-dipole  nonlinear  dynamics  studies. 

INTRODUCTION  AND  ARCHITECTURE 

The  RHIC  BPM  system[l,  2,  3]  consists  of  160  23-cm 
cryogenically-stable  striplines  per  plane  per  ring:  72  dual¬ 
plane  BPMs  are  distributed  through  the  interaction  regiosn 
(IRs),  and  176  single-plane  BPMs  are  located  at  each  arc 
Anax*  Signals  are  cabled  through  6  dB  reflection  attenua¬ 
tors  and  20  MHz  lowpass  filters  to  analog/digital  integrated 
front  ends  (IFEs).  Each  IFE  contains  independent  electron¬ 
ics  boards  for  two  measurement  planes,  including  active  20 
and  40  dB  gain  stages,  16-bit  digitizers  for  1  ^mresolution 
over  a  ±32  mm  measurement  range,  and  Motorola  56301 
fixed-point  digital  signal  processors  (DSPs)  for  data  reduc¬ 
tion  and  acquisition  control.  Arc  IFEs  are  in  the  tunnel, 
2  m  above  the  cryostat,  or  in  tunnel  alcoves  for  radiation 
protection;  IR  IFEs  are  located  in  equipment  buildings. 

During  data  acquisition,  each  IFE  calculates  the  trigger 
and  digitizer  status,  digitized  raw  signals,  and  beam  posi¬ 
tion  once  per  turn  for  a  single  RHIC  bunch.  Upon  receipt  of 
a  beam-synchronous  trigger,  all  RHIC  BPMs  can  digitize 
up  to  1024  consecutive  turns  and  stream  them  to  the  local 
DSP  buffer.  This  data  is  then  passed  along  an  IEEE  1394 
connection  to  VME  memory  and  the  RHIC  control  system. 
This  upgrade  extends  the  on-board  memory  space  of  se¬ 
lected  RHIC  BPMs  to  provide  much  longer  buffers  for  pur¬ 
poses  of  beam  studies,  energy-ramp  beam  instability  study, 
and  analysis  of  well-established  slow  coherent  oscillations 
of  RHIC  beams.  With  average  orbit  data  available  only 
as  fast  as  1/2  Hz  and  1024-tum  TBT  acquisition  covering 
only  13  ms,  this  upgrade  provides  TBT  data  capability  that 
easily  spans  the  BPM  system’s  former  frequency-domain 
blind  spot  of  1-100  Hz. 


*  Work  performed  under  Contract  Number  DE-AC02-98CH 10886 
with  the  auspicies  of  the  US  Department  of  Energy;  author  email 
satogataQbnl . gov 


Figure  1 :  Architecture  of  the  BPM  million-turn  upgrade 

UPGRADE  CHANGES 

Hardware 

The  existing  RHIC  BPM  digital  electronics  has  a  PCI 
mezzanine  carrier  (PMC)  slot  available,  which  made  the 
hardware  upgrade  straightforward.  The  Motorola  56301 
DSP  has  a  built-in  PCI  interface,  allowing  a  glueless  in¬ 
terface  to  the  PMC  memory  card.  A  commercially  avail¬ 
able  PMC  memory  Card  from  RAMIX  (model  551)  was 
purchased  and  installed.  This  memory  card  provides 
512  Mbytes  of  SDRAM,  which  is  used  to  buffer  the  TBT 
data  until  readout.  A  special  million-turn  event  was  defined 
on  the  global  event  link  to  provide  a  start  trigger  for  data  ac¬ 
quisition;  once  data  acquisition  is  started,  the  DSP  ignores 
interrupts  until  the  full  acquisition  is  complete  and  data  is 
read  out. 

The  RAMIX  551  PMC  memory  card  consumes  600  mA 
at  3.3  V.  The  existing  voltage  regulator  on  the  BPM  elec¬ 
tronics  is  an  On  Semiconductor  CS5203A-3GT3  LDO.  The 
power  dissipated  from  this  regulator  increased  by  (5.0V- 
3.3V)  x  600mA  =  1  W,  requiring  an  additional  heat  sink. 

Four  BPM  planes  with  IFEs  located  in  the  2  o’clock  in¬ 
strumentation  building  were  modified  in  late  April  2003, 
during  RHIC  polarized  proton  run.  In  the  RHIC  sitewide 
nomenclature,  they  are  bo2-bh8  and  bhlO  (horizontal)  and 
bo2-bv7  and  bv9  (vertical).  Typical  phase  advances  be¬ 
tween  these  BPMs  in  all  RHIC  optics  are  70  to  80  degrees, 
providing  orthogonality  for  phase  space  reconstruction. 

Software 

The  DSP  software  was  modified  to  add  a  new  special 
million-turn  mode  of  operation,  preserving  the  full  base 
functionality  (average  orbit  and  1024-tum  TBT  acquisi¬ 
tion)  of  the  upgraded  BPMs.  Each  TBT  data  point  includes 
raw  digitizer  values,  calculated  beam  position,  and  a  status 
word,  requiring  4  words  of  storage  per  turn.  This  allows 
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Figure  2:  The  Labview  interface  for  a  single  RHIC  million- 
turn  plane,  showing  a  supposed  256  ktums  of  acquisition 
and  clear  coherent  beam  motion  in  storage  conditions.  A 
handshaking  bug  results  in  report  of  the  same  64  ktums 
four  times.  BPM  TBT  RMS  noise  with  good  signal  condi¬ 
tions  and  x  10  active  gain  is  5-10  //m. 


FFT  Frequency  (77.8  kHz  Sample  rate) 


tinue  to  optimize  this  readout,  including  the  use  of  a  sep¬ 
arate  VME  memory  card  to  eliminate  the  DSP  to  controls 
handshake. 

EXPERIENCE  AND  APPLICATIONS 

The  first  application  of  the  RHIC  million-turn  system 
was  immediately  apparent  with  the  first  good  data  acqui¬ 
sition.  256  ktums  of  data  were  acquired  at  storage  energy 
to  show  clear  signs  of  10.66  Hz  and  7.16  Hz  beam  oscil¬ 
lations,  as  shown  in  Figs.  2  and  3.  These  oscillations  are 
the  dominant  source  of  coherent  beam  motion  in  low-beta 
storage  conditions.  No  coherent  oscillation  is  seen  in  the 
vertical  plane. 

This  mechanical  frequency  has  also  been  observed  in 
horizontal  vibrations  of  RHIC  triplet  magnets[4],  though  at 
slightly  different  frequencies  of  7.75  Hz  to  1 1  Hz  as  mea¬ 
sured  in  the  low-beta  triplets  at  the  6  and  8  o’clock  loca¬ 
tions.  With  phase  space  reconstruction,  the  location  of  the 
source  can  be  narrowed  within  the  ring,  and  further  tests 
will  be  performed  in  the  cryogenic  and  main  control  rooms 
to  investigate  effects  of  changing  recirculator  conditions  on 
this  oscillation. 

Acquisition  of  a  single  plane  at  injection  as  seen  in  Fig.  4 
showed  much  different  coherent  beam  motion,  with  clear 
oscillations  seen  near  30  Hz  and  60  Hz.  The  root  cause  of 
this  signal  is  presumed  to  be  main  dipole  ripple  in  the  arcs 
at  low  energy,  though  it  is  under  investigation. 

The  limited  1024-tum  buffer  size  of  the  RHIC  BPM  sys¬ 
tem  hampered  their  use  during  RHIC  ac  dipole  optics  and 
nonlinear  dynamics  studies[5],  since  the  ac  dipole  exci¬ 
tation  ramp  time  is  several  hundred  milliseconds  to  adia- 


Figure  3:  FFT  of  coherent  oscillations  from  data  of  Fig.  2, 
showing  clear  peak  at  10.66  Hz  and  7.16  Hz.  The  RHIC 
revolution  frequency  is  78.8  kHz. 


recording  of  up  to  128  million  consecutive  turns  of  RHIC 
beam,  or  over  28  minutes  of  beam  phase  space  evolution  at 
the  RHIC  revolution  rate  of  78  kHz. 

After  the  readout  has  completed,  the  data  is  sent  over 
a  1394  serial  bus  link  to  a  Sederta  VME-1394  bridge. 
With  the  existing  infrastructure,  the  Sederta  card  has  only 
1  Mbyte  of  memory  assigned  for  each  plane.  To  maintain 
hardware  and  software  compatibility,  a  handshake  protocol 
was  developed  to  transfer  the  information  from  the  BPM 
electronics  and  controls  front-end  computer  to  a  unix  plat¬ 
form  running  Labview  in  512  kbyte  chunks  using  a  simple 
network  communications  protocol  called  SNAP.  At  present 
there  are  handshaking  problems  leading  to  repeated  re¬ 
trieval  of  the  same  512  kbyte  buffer,  so  meaningful  data 
acquisition  is  limited  to  64  ktums.  (See  Fig.  2.) 

The  handshake  protocol  makes  the  data  transfer  time 
very  long,  and  it  can  take  a  few  hours  to  read  out  the  full 
128  million  turns  for  a  single  plane.  Upgrades  will  con- 
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Figure  4:  The  Labview  interface  for  a  single  RHIC  million- 
turn  plane,  showing  a  supposed  256  ktums  of  acquisition 
and  clear  coherent  beam  motion  in  storage  conditions.  A 
handshaking  bug  results  in  report  of  the  same  64  ktums 
four  times.  BPM  TBT  RMS  noise  with  good  signal  condi¬ 
tions  and  x  10  active  gain  is  5-10  /xm. 
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batically  excite  coherent  oscillations  and  avoid  emittance 
blowup.  The  million-turn  BPMs  will  enable  acquisition  of 
TBT  data  and  full  phase  space  reconstruction  during  a  full 
cycle  of  ac  dipole  ramp-up,  flattop,  and  ramp-down.  This 
permits  fine-tuning  and  of  the  ac  dipole  excitation,  as  well 
as  explorations  of  phase  space  smear  and  other  topics  in 
nonlinear  beam  dynamics[6]. 

When  the  full  system  is  commissioned,  a  provocative 
planned  use  is  the  acquisition  of  an  entire  RHIC  acceler¬ 
ation  and  squeeze  ramp.  These  ramps  typically  take  5-10 
minutes,  easily  within  the  acquisition  time  of  the  million- 
turn  BPM  system.  With  tunemeter  kicks  occurring  every 
two  seconds,  acquisition  of  all  million-turn  BPM  planes 
will  provide  full  beam  centroid  phase  space  on  the  accel¬ 
eration  ramp.  This  system  will  also  permit  detailed  study 
of  intensity-dependent  transverse  instabilities,  particularly 
through  transition  energy,  as  observed  and  corrected  during 
the  2003  RHIC  deuteron-gold  run[7,  8]. 
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Abstract 

Unexpected  obstacle  formation  in  the  LHC  beam-pipe 
during  assembly,  cool  down  and  operation  may  lead  to  ma¬ 
jor  disturbances.  Thus  a  fast,  precise,  sensitive  and  reliable 
means  to  detect  and  characterize  such  a  fault  is  highly  de¬ 
sirable,  preferably  without  the  need  to  break  the  vacuum. 
Waveguide  mode  time  domain  reflectometry  using  the  syn¬ 
thetic  pulse  technique  has  been  selected  for  this  purpose. 
The  system  will  use  a  modem  vector  network  analyzer  op¬ 
erating  using  essentially  the  fundamental  TM  mode  on  the 
LHC  beam-screen.  The  objective  is  to  measure  over  a  full 
arc  (2.5  km)  with  access  from  either  side  both  in  reflection 
(w  1.25  km  range)  and  transmission  mode.  If  the  proposed 
system  is  implemented  a  total  of  32  couplers  will  be  per¬ 
manently  installed,  which  may  be  used  in  normal  operation 
for  beam  diagnostics  and  other  applications. 

The  attenuation  of  several  short  beam-screen  sections  has 
been  measured  both  for  TE  and  TM  modes  by  means  of 
a  resonator  method  and  these  data  are  compared  with  the¬ 
oretical  results.  Waveguide  calibration  on  the  beam-pipe 
and  digital  signal  processing  to  compensate  dispersion  are 
studied.  Finally,  using  a  44m  test  track  the  performance  of 
the  proposed  methods  is  examined. 

INTRODUCTION 

For  proper  operation  of  CERN’s  Large  Hadron  Collider, 
it  is  of  utmost  importance  that  the  beam-screen,  fig.  1,  is 
free  from  any  obstacle  larger  than  a  pinhead.  During  the 
installation  procedure  however,  there  is  a  non-negligible 
probability  that  a  permanent  deformation  or  simply  some 
forgotten  screw  remains  inside.  In  this  case  it  would  be  ad¬ 
vantageous  to  have  a  means  to  detect  such  obstacles  during 
assembly  and  possibly  in  situ  without  having  to  open  the 
vacuum. 

Any  intruding  device  such  as  a  little  robot  is  out  of 
question  for  vacuum  reasons,  regardless  of  the  possibil¬ 
ity  that  it  could  get  stuck  inside.  Optical  lasers  and  ul¬ 
trasonic  pulse-echo  detection  are  too  limited  in  dynamic 
range.  However  the  beam-pipe  can  be  considered  as  a 
waveguide  with  modes  propagating  above  a  certain  cut¬ 
off  frequency.  Since  the  beam-pipe  is  covered  with  axial 
pumping  slots,  TE  modes  will  radiate  considerably,  while 
TM  modes  are  hardly  influenced,  given  that  their  wall  cur¬ 
rents  are  parallel  to  the  slots. 

In  this  approach  synthetic  pulse  reflectometry  was  pre¬ 
ferred  over  a  FMCW1  method  and  real  time  pulse  reflec¬ 
tometry  for  the  simple  reason  that  the  latter  methods  would 
require  the  development  of  much  of  the  front-end  measure- 

frequency  Modulated  Continuous  Wave 


ment  equipment.  For  synthetic  pulse  reflectometry  a  state- 
of-the-art  vector  network  analyser  (VNA)  has  been  used  to 
measure  the  frequency  response  of  sn,  the  time  domain 
profile  of  slx  is  obtained  by  Fourier  transform.  In  addi¬ 
tion,  high  dynamic  range  (>  120dB)  and  good  reproducibil¬ 
ity  have  been  obtained  this  way.  This  method  has  already 
been  successfully  applied  over  much  shorter  ranges  (13m) 
atESRF2  [1]. 

Two  plans  for  the  realization  are  proposed: 

•  The  baseline  programme:  During  assembly,  sec¬ 
tions  of  say  100m  length  are  checked  before  sealing 
the  beam-pipe.  The  measurement  would  be  done  at 
room  temperature  by  branching  some  kind  of  adaptor 
directly  on  one  end  of  the  beam-pipe. 

•  The  full  scale  version  should  allow  in-situ  measure¬ 
ments  in  the  LHC.  Coupling  to  the  beam-pipe  should 
utilize  a  button  type  pick-up  installed  at  the  end  of 
each  arc  (32  in  total),  requiring  detection  ranges  up 
to  1250m  at  low  temperature. 

RESONATOR  MEASUREMENTS 

The  attenuation  in  the  beam-pipe  constitutes  a  major  lim¬ 
iting  factor.  We  used  a  resonator  method  to  determine  the 
attenuation  and  the  cut-off  frequencies  of  the  first  TE  and 
TM  modes.  The  resonator  was  built  by  soldering  brass 
plates  on  the  ends  of  a  sample  of  beam-pipe.  A  measure¬ 
ment  in  transmission  mode  reveals  the  characteristic  pat¬ 
tern  of  peaks  as  shown  in  fig.  2. 

Cut-off frequencies 

Given  this  data,  the  cut-off  frequency  of  the  respective 
mode  can  be  determined  with  very  good  accuracy  using 

2European  Synchrotron  Radiation  Facility,  based  at  Grenoble,  France 
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Figure  2:  Pattern  of  resonance  peaks  for  the  first  TM  mode 
on  a  100  cm  long  beam-pipe  resonator  in  transmission 

the  method  presented  in  [2].  The  cut-off  of  the  first  TE  and 
TM  modes  are  given  in  the  table  below. 


Mode3 

TEcii 

TEsii 

TM01 

TMn 

fc  [GHz] 

3.61 

4.32 

5.33 

7.99 

Table  1:  The  measured  cut-off  frequencies  for  the  first 
modes  on  the  slotted  beam-pipe 

Attenuation 

The  relation  between  a  peak’s  quality  factor  and  the  at¬ 
tenuation  at  this  frequency  is  given  in  [3]  by 


with  Ql,  A#,  Ao  and  a  representing  the  measured  loaded 
quality  factor,  the  guided  wavelength,  the  free  wavelength 
and  the  attenuation  in  [dB/m],  respectively.  By  appropriate 
choice  of  the  mode  launchers  the  coupling  was  kept  suffi¬ 
ciently  small  that  the  unloaded  quality  factor  Q0  could  be 
approximated  by  QL. 

In  figure  3  the  attenuation  a  for  the  fundamental  TM 
mode  is  compared  to  the  theoretical  curve  for  a  circular 
waveguide  having  the  same  cut-off  frequency  /c,  as  given 
in  [4].  The  measured  values  are  larger  by  around  40%, 
which  could  be  due  to  the  properties  of  the  beam-pipe,  es¬ 
pecially  the  longitudinal  welding  strip,  the  saw-teeth  like 
corrugations,  the  general  surface  roughness  and  to  a  minor 
degree,  the  radiation  through  the  slots. 

For  the  TE  modes3  things  look  different.  The  TEsn  mode 
is  much  affected  by  the  slots,  since  its  current  maximum  is 
at  the  location  of  the  slots.  The  radiation  losses  make  the 
attenuation  increase  by  nearly  a  factor  2.  For  the  funda¬ 
mental  TE  mode  (TEcn)  this  is  not  the  case,  however  its 
attenuation  curve  flattens  above  4.5GHz,  which  indicates 

3The  indices  c  and  s  of  the  stand  for  the  sine  (vertical)  and  cosine 
(horizontal)  polarization  of  the  TEn  mode 
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Figure  3:  Attenuation  of  the  fundamental  TM  mode  on  the 
beam-pipe,  compared  to  calculated  values  for  a  circum¬ 
scribed  circular  waveguide 

that  radiation  losses  (which  increase  with  / 2  as  a  first  ap¬ 
proximation)  begin  to  prevail.  At  low  temperature  (20K) 
this  effect  will  become  more  significant,  since  the  resistive 
losses  are  estimated  to  decrease  by  a  factor  4  to  5.  This  ob¬ 
servation  indicates  that  the  TM01  mode  should  be  a  better 
choice  than  the  fundamental  TE  mode. 

MEASUREMENTS  ON  THE  TEST  TRACK 

After  some  preliminary  tests  a  straight  section  of  nearly 
44m  of  beam-pipe  with  two  interconnects  was  made  avail¬ 
able  for  measurements.  The  coupling  to  the  beam-pipe 
consisted  of  a  non-optimized  adapter  available  from  pre¬ 
vious  tests  that  was  fitted  to  the  end  of  the  beam-pipe.  In¬ 
serting  an  appropriate  mode  launcher  excited  the  desired 
mode.  On  this  line  the  performance  of  waveguide  calibra¬ 
tion  and  signal  processing  was  tested. 

Waveguide  calibration 

When  doing  measurements  involving  transitions  be¬ 
tween  different  types  of  lines  and  on  electrically  long  de¬ 
vices  calibration  is  highly  recommended.  For  such  a  non¬ 
standard  waveguide  profile  as  the  beam-pipe  however  no 
calibration  standards  are  commercially  available.  There¬ 
fore  we  had  to  make  them  on  our  own.  As  for  an  ordinary 
waveguide  calibration,  three  standards  were  used:  two  off¬ 
set  short s  of  lengths  li  «  7mm  and  l2  ~  20mm  and  one 
load.  The  shorts  were  realized  by  soldering  a  brass  plate 
at  the  given  position  into  a  sample  of  beam-pipe  and  to  get 
a  load,  some  absorbing  material  was  inserted  into  another 
piece  (fig.  4). 

The  major  advantage  of  waveguide  calibration  on  the 
beam-pipe  was  found  to  be  that  initial  reflections  from  the 
beam-pipe  adapter  could  be  avoided.  However,  due  to  the 
fragile  contacts  of  the  adapter  and  changing  properties  of 
cables,  the  calibration  deteriorated  every  time  some  me¬ 
chanical  intervention  was  done.  In  particular  in  the  time 
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Figure  4:  The  coax-to-beam-pipe  adapter  and  the  three 

standards  for  waveguide  calibration  figure  5.  Dispersion  compensation  for  the  first  TM  mode 

on  the  test  track 


domain  it  was  noticed  that  calibrated  measurements  have  a 
smaller  dynamic  range4  than  uncalibrated  ones. 

Signal  processing 

It  soon  became  clear  that  some  serious  signal  processing 
had  to  be  done.  This  is  mainly  due  to  two  reasons: 

•  The  maximum  number  of  points  available  on  our 
VNA  is  limited  to  1601.  Since  this  is  insufficient 
to  get  both  good  spatial  resolution  (large  frequency 
range)  and  good  spatial  range  (closely  spaced  fre¬ 
quency  points),  measurements  in  adjacent  frequency 
ranges  have  to  be  combined  externally  before  doing 
the  FFT. 

•  Waveguide  dispersion  on  the  beam-pipe  will  cause 
considerable  smear-out  on  the  emitted  (synthetic) 
pulses.  A  numerical  correction  of  this  effect  is  called 
for. 

For  the  implementation  of  these  tasks  Matlab©  was  cho¬ 
sen. 


Dispersion  compensation.  After  having  run  down  z 
meters  on  a  waveguide  with  guided  wavelength  \H  and 
cut-off  frequency  fc  the  phase  change  can  be  expressed  by 


w)  =  -^= 


2n 


■fyfi-W) 


Co 


z  =  -IhtsJP  -  /| 

(2) 

introducing  the  free  space  delay  r  =  j-.  By  subtracting 
the  part  of  this  phase  term  that  goes  withhigher  than  linear 
order  of  /  from  the  phase  of  measured  data,  the  dispersion 
can  be  compensated  for  one  distance  z.  By  repeatedly  do¬ 
ing  this  procedure  for  increasing  foci  z,  each  time  cutting 
out  the  focused  region  a  dispersion  compensated  trace  can 
be  made  up.  The  actual  performance  of  this  method  is  il¬ 
lustrated  in  figure  5. 

4difference  between  maximum  amplitude  and  RMS  noise  level  in  one 
time  domain  trace 


Other  implemented  features,  such  as  analysis  of  mode  mix¬ 
ing  and  multiple  reflections  by  the  interconnects  are  pre¬ 
sented  in  detail  in  [5]. 

CONCLUSION 

The  feasibility  of  an  obstacle-locating  reflectometer  for 
the  LHC  beam-pipe  was  studied.  First  the  crucial  charac¬ 
teristics  of  the  beam-pipe  were  determined  in  a  resonator 
measurement.  With  the  attenuation  obtained,  a  range  of 
600m  for  the  detection  of  a  M4  nut  size  obstacle  seems  pos¬ 
sible  at  room  temperature,  with  a  substantial  gain  expected 
for  low  temperature  operation  (20K).  In  a  measurement  on 
a  44m  long  test  track,  waveguide  calibration  on  the  beam- 
pipe  was  examined  and  the  data  was  processed  to  correct 
smear-out  provoked  by  dispersion. 
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Abstract 

We  will  discuss  several  methods  for  measuring  the  tunes 
in  the  Tevatron.  These  methods  can  be  separated  into  three 
classes:  active,  passive  and  hybrid.  In  the  active  method, 
the  beam  is  tickled  in  order  to  obtain  a  frequency  response. 
In  the  passive  method,  a  Schottky  detector  which  uses  a 
resonant  stripline  is  used  to  measure  the  Schottky  spectrum 
of  the  beam.  In  the  hybrid  method,  we  tickle  the  beam  us¬ 
ing  kickers,  or  the  Tevatron  Electron  Lens  (TEL)  in  order  to 
bring  the  tune  signal  above  the  noise  floor  of  the  Schottky 
detectors.  An  automatic  tune  fitting  algorithm  is  also  under 
development  which  allows  us  to  measure  the  tune  without 
human  intervention. 

INTRODUCTION 

There  are  several  tune  measurement  methods  used  in 
the  operation  of  the  Tevatron.  These  methods  are  devel¬ 
oped  in  part  because  the  antiproton  tune  is  difficult  to  mea¬ 
sure  when  there  are  protons  in  the  Tevatron.  In  high  en¬ 
ergy  physics  conditions,  the  proton  beam  current  is  about 
10  times  higher  than  the  antiproton  beam  current  and  thus 
the  proton  signal  swamps  the  Schottky  detectors  despite 
their  directivity.  The  preferred  method  for  measuring  pro¬ 
ton  tunes  is  to  use  the  Schottky  detectors  which  are  passive 
and  thus  do  not  influence  the  beam  in  any  way.  For  mea¬ 
suring  antiproton  tunes,  we  have  to  gently  excite  the  beam 
transversely  either  with  stripline  kickers  or  with  the  Teva¬ 
tron  Electron  Lens  (TEL).  Finally,  a  tune  fitting  method  is 
also  under  development  which  will  allow  us  to  read  the  pro¬ 
ton  tune  without  human  intervention.  This  method  when 
fully  operational  will  allow  us  to  quickly  measure  chro- 
maticities  and  also  track  the  evolution  of  the  proton  tunes 
during  collisions. 

SCHOTTKY  DETECTORS 

The  Schottky  detectors  [1]  are  1  m  in  length  with  a 
square  cross  section  shown  in  Figure  1.  The  stripline  con¬ 
sists  of  two  copper  bars  which  can  be  moved  by  stepper 
motors  to  change  the  sensitivity.  Its  resonant  frequency  can 
also  be  tuned  by  using  the  variable  capacitor  Cv.  Presently 
these  detectors  are  tuned  to  resonate  around  21 .4  MHz  with 
a  loaded  Ql  =  370. 

Four  of  these  detectors  have  been  built  to  allow  us  to 
look  at  the  horizontal  and  vertical  tunes  of  both  the  pro¬ 
tons  and  pbars.  However  in  practice,  only  the  proton  tunes 
are  monitored  during  high  energy  physics  (HEP).  Although 

*  Work  supported  by  the  U.S.  Department  of  Energy  under  contract  No. 
DE-AC02-76CH03000. 


these  detectors  are  directional,  the  pbar  tunes  are  not  nor¬ 
mally  monitored  because  alot  of  the  proton  signal  still  leaks 
through  which  swamps  the  pbar  signals.  In  order  to  over¬ 
come  this,  we  have  to  gently  kick  —  tickle  the  pbars  in 
order  to  see  their  tunes. 

Tickling 

The  process  of  gently  kicking  the  beam  is  what  we  call 
tickling .  We  have  two  tickling  methods  which  we  use  to 
observe  pbar  tunes  using  the  Schottky  detectors 

•  Tevatron  Electron  Lens  (TEL). 

•  Gated  noise  on  a  stripline  kicker. 


Figure  1:  Transverse  geometry  of  the  Schottky  pickup  re¬ 
produced  from  [1] 


Tevatron  Electron  Lens 

The  TEL,  is  built  for  the  Tevatron  Beam-Beam  Compen¬ 
sation  R&D  Project,  can  also  be  used  as  a  beam  exciter  for 
beam  tune  measurements  [2].  To  do  this,  the  electron  beam 
of  the  TEL  is  placed  very  near  the  bunch  to  be  measured 
by  timing  the  electron  beam  pulse  to  a  specific  bunch  or 
bunches. 

The  electron  beam  used  for  this  purpose  is  round  with 
a  diameter  of  about  3.5  mm  and  is  modulated  with  gated 
white  noise  whose  modulation  depth  is  also  adjustable.  Ev¬ 
ery  time  the  selected  bunch  passes  by  the  electron  beam,  it 
receives  a  kick  from  the  electron  beam  (this  is  just  like  the 
stripline  beam  tickler  discussed  below).  Therefore,  beam 
dipole  oscillations  are  excited  and  thus  Schottky  signals 
which  were  originally  too  weak  to  be  seen  by  a  spectrum 
analyzer  is  excited  above  the  noise  floor.  Besides  using  the 
white  noise  modulation,  a  chirp  or  a  modulation  sweep  can 
also  be  applied.  One  caveat  is  that  the  beam-beam  kick  can 
be  very  strong,  and  so  the  peak  electron  current  and  mod¬ 
ulation  depth  must  be  well  controlled  to  avoid  fast  beam 
blowups  or  even  beam  loss. 
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In  practice,  the  electron  beam  is  gated  to  a  specific  an¬ 
tiproton  bunch  and  then  set  to  about  1  to  2  mm  from  it.  This 
allows  us  to  tickle  it  and  measure  its  tune.  As  a  compari¬ 
son,  the  nearest  proton  bunch  is  about  7  mm  away  from  the 
electron  beam. 

Gated  Noise  Tickling 

In  gated  noise  tickling,  a  bandwidth  limited  white  noise 
is  applied  to  one  selected  pbar  bunch  with  a  stripline  kicker. 
Figure  2,  shows  what  happens  when  we  do  this  to  pbar 
bunch  24.  Before  applying  the  tickle,  we  see  a  proton  sig¬ 
nal  which  leaks  through.  After  we  apply  a  vertical  tickle, 
we  can  clearly  see  the  pbar  vertical  tune. 


Figure  2:  Pbar  tune  of  bunch  24  with  gated  tickling  ON  and 
OFF 


FREQUENCY  RESPONSE 
MEASUREMENT 

We  measure  the  frequency  response  of  each  pbar  bunch 
by  tickling  the  beam  with  a  stripline  kicker  and  then  mea¬ 
suring  the  frequency  response  with  a  stripline  pickup.  See 
Figure  3.  A  critical  part  of  the  setup  is  the  autozero  box  [3] 
which  centres  the  beam  virtually  between  the  stripline  pick¬ 
ups.  The  sample  and  hold  circuit  allows  us  to  measure  the 
pbar  tune  of  individual  bunches.  Figure  4  shows  the  fre¬ 
quency  response  of  one  pbar  bunch. 

TUNE  FITTING 

In  order  to  automate  the  tunes,  decoupling  and  chro- 
maticity  measurements,  we  have  written  a  tune  fitting  soft¬ 
ware  package.  Frequency  spectra  similar  to  the  one  shown 
in  Figure  2  are  read  out  at  a  frequency  of  approximately 
0.5  Hz  into  a  conventional  computer  running  SUNOS. 


Figure  3:  Frequency  response  measurement  setup 


TRACE  A:  Frcq  Response 


Figure  4:  Frequency  response  of  pbar  bunch  1 


First,  such  spectra  are  Gaussian-smeared1  to  smooth  out 
the  data  and  to  select  the  location  of  the  broad  compone- 
nents  of  the  spectrum.  Only  two  such  peaks  are  crudely 
located,  corresponding  to  the  vertical  and  horizontal  tunes 
from  the  proton  beam.  Second,  each  of  these  regions  are 
analyzed  seprately,  based  on  the  original  data.  We  look  for 
the  characteristic  pattern  corresponding  to  the  excitation  of 
the  synchrotron-betatron  (SB)  sidelines,  separated  from  the 
main  line  frequency  by  »  85  Hz  and  «  31  Hz  at  150  and 
980  GeV,  respectively.  We  fit  the  data  with  an  incoherent 
sum  of  five  resonant  “Breit-Wigner”  functions: 

5 

A(f)  =  B  +  J2(Ai  r /((/  -  /0ii)2  +  r2/4)  (1) 

i=l 

where  f0  is  the  frequency  of  the  main  line,  /0,(*+i)  -  /0,i 
is  the  SB  tune  split,  T  is  the  width  of  the  resonance.  The 
strength  of  each  individual  line  At  and  B  the  noise  floor 
are  free  parameters.  The  tune  is  located  at  the  line  closest 
to  the  position  of  the  broad,  smoothed-out,  peak.  Such  fits 
are  done  on  a  linear  scale  to  enhance  such  features. 

Figure  5  summarizes  these  operations.  It  should  be  noted 
that  the  software  often  fails  to  properly  assign  the  correct 
plane  (X  vs  Y)  for  a  given  set  of  tunes  lines.  This  is  be¬ 
cause  the  Tevatron  is  strongly  coupled  (with  a  typical  mini- 

1The  value  of  a  given  bin  in  the  frequency  domain  is  replaced  by  the 
sum  of  the  neighboring  bins,  weighted  by  a  Gaussian  centered  in  that 
given  bin. 


2704 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


mum  tune  split  of  ~  0.004  to  ~  0.008)  and  we  are  running 
with  tune  differences  in  the  X  and  Y  planes  close  to  this 
minimum  tune  split.  Maybe  a  closer  look  at  the  relative 
signal  strength  on  the  X  and  Y  pick  will  help  sort  this  out. 
However,  this  does  not  prevent  us  from  measuring  tunes  or 
chromaticities  for  a  given  plane  when  we  run  close  to  the 
minimum  tune  split,  because  we  can  keep  track  of  the  tunes 
for  each  individual  plane  with  past  measurement  which  are 
taken  away  from  the  minimum  tune  split  region. 

This  method  works  very  well  when  we  tickle  the  “un¬ 
coalesced”  (53  MHz  bunched  beam,  with  a  longitudinal 
emittance  of  a  fraction  of  an  eV-sec)  proton  beam.  It  al¬ 
lows  us  to  accurately  measured  the  betatron  coupling  by 
simply  sweeping  the  vertical  base  tune  setting  and  record¬ 
ing  these  tunes,  as  shown  in  Figure  6.  These  frequency 
spectra  are  more  difficult  to  analyze  when  relatively  large 
emittance,  coalesced  (396  ns  bunch  spacing),  and  quies¬ 
cent  beam  circulates  in  the  Tevatron  during  HEP  operation. 
Consequently,  the  fit  often  fails  to  locate  the  SB  features. 
Yet,  based  on  a  large  number  of  such  fits,  stable  tunes  can 
be  assigned  to  the  proton  beam  for  both  planes. 

This  tune  fitter  reports  results  continuously  at  about  0.5 
to  1  Hz,  with  a  delay  time  of  about  5  seconds.  This  de¬ 
lay  is  due  to  the  scanning  and  averaging  in  the  HP3561a 
spectrum  analyzer,  about  a  second  or  so  for  Data  Acquisi¬ 
tion  via  the  GPIB  and  various  computers,  and  sending  the 
output  to  the  datalogger  nodes,  and  finally  about  a  second 
for  doing  the  fits.  We  are  currently  working  on  faster  al¬ 
gorithms,  relying  solely  on  the  smoothed  out  spectra,  to 
speedup  this  procedures.  In  addition,  we  can  merge  this 
software  with  the  control  software  regulating  the  tickling 
of  specific  bunches  allowing  us  to  systematically  explore 
qualitatively  the  beam-beam  tune-shift  phenomenon  in  the 
Tevatron. 


Figure  5:  Tune  fitter  spectra.  The  vertical  scale  is  related  to 
power,  in  arbitrary  units.  The  horizontal  tune  scale  is  fixed 
by  the  known  revolution  frequency  and  the  analyzer  scan 
settings.  Fits  are  described  in  the  text. 


Towards  Automated  Betatron  Coupling  Measurement 


Figure  6:  A  measurement  of  the  betatron  Tune  coupling 
based  on  the  fits  discussed  above. 

CONCLUSION 

We  have  discussed  the  various  methods  which  we  use 
to  measure  the  proton  and  antiproton  tunes  in  the  Tevatron. 
None  of  the  methods  for  measuring  the  antiproton  tunes  are 
completely  satisfactory  at  this  time.  A  new  set  of  Schot- 
tky  detectors  operating  at  1.6  GHz  is  being  commissioned 
which  will  allow  us  to  measure  bunch  by  bunch  antipro¬ 
ton  tunes  passively.  Unfortunately,  the  tune  resolution  of 
this  system  will  be  ~  0.005  rather  than  ~  0.0001  of  the 
21.4  MHz  Schottky  system  discussed  above.  The  tune  fit¬ 
ting  programme  also  shows  promise  in  providing  us  with  a 
way  of  automatically  reading  and  tracking  the  evolution  of 
the  tune  during  a  high  energy  physics  operations. 
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Abstract 

After  a  successful  demonstration  of  a  non-intercepting 
beam  profile  monitor  for  the  H'  beams  at  the  750  KeV  and 
the  200  MeV  LINAC  at  Brookhaven  National  Laboratory, 
the  SNS  project  approved  using  a  Nd:YAG  laser  rather 
than  the  traditional  carbon  wire  for  transverse  profile 
monitors  in  the  SNS  super-conducting  LINAC. 
Experiments  have  also  been  performed  on  SNS  2.5  MeV 
medium  energy  beam  transport  line  at  LBNL.  The  design 
and  the  implementation  of  a  multi-station  profile 
monitoring  system  using  a  single  laser  will  be  presented. 
The  laser  beam  is  scanned  across  the  H'  beam  to  photo- 
neutralize  narrow  slices.  The  liberated  electrons  are 
collected  to  provide  a  measurement  of  the  transverse 
beam  profile.  The  prototype  system  has  been  tested;  the 
measurement  and  performance  results  will  be  presented. 

INTRODUCTION 

The  SNS  accelerator  systems  are  described  in  details 
elsewhere  [1].  The  Spallation  Neutron  Source  now  being 
built  in  Oak  Ridge,  Tennessee,  USA,  accelerates  an  H“ 
ion  beam  to  1000  MeV  with  an  average  power  of  1.4 
MW.  The  H  beam  is  then  stripped  to  Ef,  compressed  in 
a  storage  ring  to  a  pulse  length  of  695  ns,  and  then 
directed  onto  a  liquid-mercury  neutron  spallation  target. 
Most  of  the  acceleration  in  the  LINAC  is  accomplished 
with  super-conducting  RF  cavities.  These  eleven  medium 
beta  (3=.61)  and  twelve  ((3=.81)  cavities  are  separated  by 
warm  sections  (Fig.l).  The  profile  monitor  system  for  the 
SCL  was  originally  envisioned  to  be  a  carbon  wire 
scanner  system.  However,  LINAC  designers  were 
concerned  about  the  possibility  that  carbon  wire  ablation, 
or  broken  wire  fragments,  could  find  their  way  into  the 
super-conducting  cavities  and  cause  them  to  fail.  The  SNS 
based-line  carbon  profile  monitors  developed  [2]  at  Los 
Alamos  National  Laboratory  in  conjunction  with  search 
for  alternatives  such  as  laser  profile  monitors  to  minimize 
the  above  risks.  Experiments  at  Brookhaven  National 
Laboratory  (BNL)  using  Nd-Yag  laser  to  measure  profiles 
of  H  beams  proved  to  be  promising.  Once  the  laser 
profile  monitor  concept  was  proven  by  experiments  at 
BNL,  and  subsequently  on  the  SNS  MEBT  at  Lawrence 
Berkeley  National  Laboratory  [3,4],  the  decision  was 
made  to  replace  the  carbon  wire  scanner  system  with  the 
laser  profile  measurement  system  in  the  Super- 
Conducting  LINAC  (SCL).  The  advantages  that  the  laser 
profile  monitor  system  has  over  the  wire  scanner  system 
are:  1)  profiles  can  be  measured  during  normal  operations, 
as  opposed  to  the  100  ps,  10  Hz  duty  factor  restriction 


conducting  cavity  modules. 

needed  to  prevent  damage  to  carbon  wires;  and  2)  there 
are  no  moving  parts  inside  the  vacuum  system,  thus 
reducing  the  possibility  of  a  vacuum  system  failure. 

A  disadvantage  is  that  the  laser  is  not  as  radiation  hardens 
as  a  wire  scanner  actuator,  but  we  have  overcome  this 
issue  by  placing  the  laser  far  away  from  the  beam  line  in 
the  Klystron  Gallery  and  use  optical  transport  line  to 
transfer  the  laser  beam  to  each  station. 

Dynamic  range 

The  laser  profile  monitor  concept  is  straightforward:  a 
tightlyfocused  laser  beam  is  directed  transversely  through 
the  H  beam,  causing  photo-neutralization.  The  released 
electrons  are  either  swept  away  by  magnetic  fields 
normally  present  in  the  LINAC  lattice,  or  directed  by  a 
special  dipole  magnet  to  an  electron  collector  that  may  or 
may  not  be  part  of  the  laser  profile  monitor  system.  The 
beam  profile^  is  measured  by  scanning  the  laser  beam 
acrossthe  H  beam  and  measuring  the  resultant  deficit  in 
the  H  beam  current  and/or,  if  the  released  electrons  are 
collected,  by  measuring  their  current.  A  simple  3D 
drawing  of  the  concept  is  shown  in  Fig.  2. 
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The  advantage  of  collecting  electrons  vs.  measuring  the 
deficit  in  beam  current  are:  1)  the  signal  to  noise  ratio  is 
better  because  of  the  large  numbers  of  released  electrons; 
and  2)  the  simplicity  of  the  electron  collector,  since  the 
electron  energy  is  well  defined  and  the  electrons  are  well 
collimated.  The  disadvantages  are:  1)  an  external 
magnetic  field  is  required,  2)  an  in-vacuum  electron 
collector  is  required,  and  3)  the  electron  collector  signal 
may  suffer  from  interference  caused  by  beam  loss.  At  the 
SNS  LINAC  we  will  use  both  methods.  Every  laser 
station  will  have  an  electron  collector,  and  there  will  be 
beam  current  measurements  at  the  entrance  and  exit  of  the 
super  -conducting  LINAC. 


Fig.  2.  Stripped  electrons  are  bent  into  the  collector 
via  the  dipole  magnet  (magenta  color). 


LASER  AND  OPTICS  CONSIDERATIONS 

General 

A  number  of  considerations  guided  the  design  of  the 
optical  system  for  the  SNS  laser  profile  monitor.  First  and 
foremost,  the  system  must  be  capable  of  delivering  high 
peak-power  optical  pulses  to  the  ion  beam.  In  order  to 
provide  adequate  spatial  resolution,  the  laser  beam  must 
be  brought  to  a  focus  smaller  than  the  ion  beam  and  must 
be  scanned  in  both  transverse  directions  across  the  ion 
beam.  Finally,  the  design  must  include  a  distribution 
system  to  accommodate  multiple  diagnostic  stations. 

The  pulses  are  provided  by  a  Q-switched  Nd:YAG 
laser  that  runs  at  a  repetition  rate  of  60  Hz  and  emits  9-ns 
pulses  with  energies  up  to  650  mW.  The  laser  operates  at 
a  wavelength  of  1064  nm,  which  is  near  the  peak  of  the 
photo-neutralization  response  for  H".  Because  the  9-ns 
laser  pulses  are  significantly  longer  than  the  ion  pulses,  a 
narrowband  injection  seeder  is  also  included  in  the  system 
to  provide  a  smoother  temporal  profile.  The  prototype 
experiments  were  performed  in  low  radiation  areas  and  so 
the  laser  could  be  placed  in  close  proximity  to  the 
diagnostic  station.  In  the  final  implementation,  however, 
the  radiation  levels  will  be  much  higher,  thus 
necessitating  removal  of  the  laser  to  a  remote  location. 
The  proposed  location  for  the  laser  is  in  an  adjacent 
building  near  the  end  of  the  LINAC  tunnel  and  over  200 
meters  from  the  diagnostic  stations.  For  propagation  over 


a  distance  this  large,  the  beam  must  be  expanded  to  a  size 
of  one  inch  or  more.  After  being  directed  to  the  tunnel  by 
a  series  of  mirrors,  the  beam  will  travel  down  the  tunnel 
in  a  beam  tube  mounted  near  the  tunnel  ceiling. 
Removable  mirrors  will  be  placed  at  each  diagnostic 
station  to  direct  the  laser  beam  to  the  focusing  and 
scanning  optics.  A  second  removable  mirror  switches  the 
beam  between  the  horizontal  and  vertical  scans. 

Because  the  laser  beam  must  propagate  so  far  from 
source  to  target,  and  because  the  source  and  target  are  in 
different  buildings,  mechanical  vibrations  are  a  concern. 
Of  course,  it  is  difficult  to  estimate  the  magnitude  of  these 
vibrations  until  the  full  system  is  implemented.  A  number 
of  measures  have  been  taken,  however,  to  minimize  and 
control  beam  jitter.  The  first  comes  in  the  optical  design, 
itself.  As  described  below,  a  lens  is  used  to  focus  the  laser 
beam  onto  the  target.  Mechanical  vibrations  in  any  of  the 
upstream  optics  are  expected  to  result  in  variations  in  both 
the  position  and  incidence  angle  of  the  incoming  beam. 
Because  a  lens  maps  the  direction  of  an  incoming  beam  to 
a  single  position  in  the  focal  plane,  changes  in  the  beam 
position  alone  have  no  effect  on  the  focal  position.  Thus, 
it  is  only  the  angle  of  incidence  that  is  of  concern.  The 
geometry  of  the  system  helps  here.  Nearly  all  of  the 
downstream  optics  for  each  diagnostic  station  are 
mounted  on  a  custom  optical  table.  Most  of  the 
mechanical  instabilities,  then,  are  expected  in  the 
upstream  optics  where  the  beam  is  sent  from  one  building 
to  another.  Because  the  upstream  optics  are  over  200 
meters  from  the  target,  large  angular  deviations  in  the 
beam  will  cause  it  to  miss  the  downstream  optics 
altogether.  If  the  beam  pointing  is  stable  enough  to  keep 
the  laser  beam  on  the  downstream  optics,  therefore,  the 
angular  variations  from  the  upstream  optics  will  be  too 
small  to  significantly  affect  the  profile  measurement. 

The  challenge,  then,  is  to  keep  the  beam  jitter  small 
enough  so  that  the  beam  is  not  steered  off  the  downstream 
mirrors.  The  current  design  includes  active  stabilization  to 
help  in  this  regard.  A  beam  position  sensor  will  be  placed 
near  the  diagnostic  stations  and  will  provide  an  error 
signal  to  piezo-electric  actuators  controlling  one  of  the 
upstream  mirrors.  The  feedback  will  be  used  to  lock  an 
auxiliary  beam,  rather  than  the  primary  beam,  since  it 
pulses  at  a  rate  of  only  60  Hz.  This  method  should  make  it 
possible  to  correct  for  much  of  the  mechanical  instability 
in  the  system. 

The  laser  pulses  arrive  at  each  diagnostic  station  in 
the  form  of  a  one-inch  beam  and  are  then  focused  into  the 
ion  beam  by  a  single  lens.  The  lens  is  located 
approximately  20  cm  from  the  beam  center  and  is  placed 
as  close  as  possible  to  the  vacuum  windows.  This  design 
serves  a  number  of  purposes.  First,  it  ensures  that  the 
beam  is  large  when  it  passes  through  the  vacuum  window, 
thus  reducing  the  chances  of  laser  damage.  Second,  the 
relatively  short  focal  length  yields  a  convergent  beam.  By 
changing  the  position  of  the  focusing  lens,  it  is  possible  to 
change  by  a  small  amount  the  size  of  the  laser  beam  as  it 
crosses  the  ion  beam.  This  function  is  accommodated  in 
our  set-up  by  a  translation  stage  that  moves  the  lens 
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parallel  to  the  laser  beam.  For  the  ion  beam  profile,  itself, 
the  laser  beam  is  translated  across  the  ion  beam.  This  is 
accomplished  by  translating  the  final  steering  mirror. 
Since  the  light  passes  through  the  focusing  lens  after 
striking  the  mirror,  the  two  are  mounted  and  translated 
together.  Thus,  the  effect  of  the  lens  upon  the  beam  is 
unchanged  throughout  the  scan. 

An  additional  benefit  afforded  by  the  optical  design 
described  above  is  that  it  minimizes  the  effects  of 
unwanted  reflections.  As  the  beam  exits  the  vacuum 
chamber,  a  small  fraction  of  the  light  is  reflected  back 
toward  the  ion  beam.  Even  with  uncoated  windows,  the 
amount  reflected  is  only  a  few  percent  of  the  primary 
beam.  But  the  signal  level  from  this  unwanted  reflection 
can  be  significant  if  the  light  is  concentrated  near  the 
center  of  the  ion  beam.  Using  a  lens  to  couple  the  light 
into  the  vacuum  chamber  ensures  that  the  beam  is 
diverging  as  it  leaves  the  target.  It  continues  to  diverge  as 
it  is  reflected  back  toward  the  ion  beam  so  that  the 
reflected  energy  is  spread  out  over  an  area  much  larger 
than  that  occupied  by  the  ion  beam.  Thus,  the  signal 
contribution  from  unwanted  reflections  is  quite  small  and 
is  fairly  constant  throughout  the  scan. 
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Fig.  3.  Distributed  PC  systems  and  LabView  data 
acquisition  is  used  to  collect  and  analyze  data. 


EXPERIMENTAL  RESULTS  AND 
CONCLUSION 

We  have  successfully  tested  the  SNS  laser  profile 
monitor.  Figure  (4)  shows  the  completely  stripped  off 
electrons  from  the  portion  of  the  H  beam  intercepted  by 
the  laser. 
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Fig.4.  Horizontal  beam  profile  in  the  SNS  MEBT, 
measured  in  January  2003.  Top:  The  electron  collector 
signal  at  the  center  of  the  H-minus  beam.  Bottom:  the 
results  of  the  measurement,  with  a  Gaussian  fit  plotted  out 


to  2.5  a. 


REFERENCES 

[1]  N.  Holtkamp,”,  these  conference  proceedings, 
PAC2003,  Portland 

[2]  R.  Hardekopf  et  al,  “Wire  Scanner  Design  for  the 
SNS  Superconducting-RF  Linac,”  proceedings  of  the 

2001  Particle  Accelerator  Conference,  Chicago,  Ill, 
USA,  June  18-22, 2001. 

[3]  R.  Connolly  et  al.,  “Laser  Profile  Measurements  of  an 
H-  Beam,”  proceedings  of  the  2001  Particle 
Accelerator  Conference,  Chicago,  Ill,  USA,  June  18  - 
22,2001. 

[4]  R.  Connolly  et  al.,  “Laser  Beam-Profile  Monitor 
Development  at  BNL  for  SNS,”  proceedings  of  the 

2002  Beam  Instrumentation  Workshop,  Upton,  NY, 
USA,  6-9  May  2002. 

[5]  A.  Aleksandrov,  SNS-NOTE-AP-44 


*  SNS  is  managed  by  UT-Battelle,  LLC,  under  contract 
DE-AC05-00OR22725  for  the  U.S.  Department  of 
Energy.  SNS  is  a  partnership  of  six  national  laboratories: 
Argonne,  Brookhaven,  Jefferson,  Lawrence  Berkeley,  Los 
Alamos  and  Oak  Ridge. 


2708 


Proceedings  of  the  2003  Particle  Accelerator  Conference 

DESIGN  OF  AN  OPTICAL  DIFFRACTION  RADIATION  BEAM  SIZE 
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Abstract 

We  design  a  single  bunch  transverse  beam  size  moni¬ 
tor  which  will  be  tested  to  measure  the  28.5  GeV  elec¬ 
tron/positron  beam  at  the  SLAC  FFTB  beam  line.  The 
beam  size  monitor  uses  the  CCD  images  of  the  interfer¬ 
ence  pattern  of  the  optical  diffraction  radiation  from  two 
slit  edges  which  are  placed  close  to  the  beam  path.  In  this 
method,  destruction  of  the  accelerated  electron/positron 
beam  bunches  due  to  the  beam  size  monitoring  is  negli¬ 
gible,  which  is  vital  to  the  operation  of  the  Linear  Collider 
project. 

OVERVIEW 

The  Optical  Diffraction  Radiation(ODR)  is  generated 
when  a  charged  particle  bunch  passes  by  inhomogeneous 
boundaries,  and  is  considered  as  the  wake  field  of  a  beam 
bunch.  By  using  a  tilted  conducting  slit  where  a  beam 
bunch  passes  through  the  center  of  the  slit  aperture,  we 
can  observe  the  interference  pattern  of  the  backward  scat¬ 
tered  ODR  from  two  edges  of  the  conductive  slit.  The  ra¬ 
tio  of  the  photon  intensity  at  the  peak  of  the  interference 
pattern  of  the  ODR  and  that  at  the  valley  of  the  photon  in¬ 
tensity  gives  the  information  of  the  transverse  beam  size. 
[1,  2,  3,  4]  Because  the  distances  of  the  edges  of  the  slit 
from  the  beam  central  trajectory  is  typically  10  times  or 
more  larger  than  the  transverse  beam  size,  this  beam  size 
monitor  is  non-invasive,  which  is  essential  to  minimize  the 
beam  loss  in  beam  size  monitor.  This  beam  size  monitor 
measures  the  beam  size  of  a  single  bunch,  and  the  frac¬ 
tion  of  the  sampling  of  the  beam  bunches  depends  on  the 
speed  of  the  readout  system  of  the  interference  pattern  of 
the  ODR.  Most  of  the  experiments  on  the  use  of  the  ODR 
for  a  beam  size  monitor  has  been  done  only  recently  with 
electron  beams  up  to  around  I  GeV  at  TTF(Tesla),  and  at 
ATF(KEK).  With  the  28.5  GeV  e-/e+  beam  at  the  SLAC 
FFTB  (Final  Focus  Test  Beam),  the  7  factor  of  5.8  x  104 
allows  us  to  use  much  larger  aperture  size  than  those  with 
lower  beam  energy,  which  contributes  to  reduce  the  back¬ 
ground  photons  significantly.  The  test  of  the  beam  size 
monitor  by  using  ODR  at  the  SLAC  FFTB  provides  a 
unique  condition  for  a  non-invasive  beam  size  monitor  with 
the  highest  beam  energy  electron  and  positron  beam.  The 
transverse  RMS  beam  size  of  electron  and  positron  beam  at 
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a  focal  point  of  the  SLAC  FFTB  are  2-10  fim  in  horizon¬ 
tal  and  vertical.  The  FWHM  bunch  length  is  0.7  mm.  The 
intensity  of  electron  and  positron  beam  is  (1  -  3)  x  10 10 
particles/pulse.  The  normalized  transverse  emittance  are 
(30  -  50)  x  10-6  m-rad  in  horizontal  and  (3  -  6)  x  10  “6 
m-rad  in  vertical.  The  international  collaboration,  with  re¬ 
searchers  at  KEK,  Tokyo  Metropolitan  University,  and  at 
Tomsk  Polytechnic  University  who  have  done  significant 
R&D  on  the  beam  size  monitoring  with  the  ODR  at  the 
KEK  ATF  in  Japan  with  the  1.3  GeV  electron  beam  [5], 
allows  us  to  understand  the  dependence  of  the  beam  size 
measurement  with  the  ODR  on  the  beam  energy  and  on  the 
level  of  the  background  radiation. 

DESIGN  OF  THE  BEAM  TEST 
EXPERIMENT 

A  schematic  diagram  of  the  beam  size  monitor  with  the 
ODR  interference  pattern  measurement  and  a  conventional 
wire  scanner  for  a  cross  calibration  is  shown  in  Fig.  1. 


Vertical Bending 

Maenet  Target  Slit 


Figure  1:  A  schematic  diagram  of  an  ODR  beam  size  mon¬ 
itor 

Because  the  wavelength  of  the  diffracted  optical  pho¬ 
ton,  around  0.5  //m,  is  much  shorter  than  the  beam  bunch 
length,  0.7  mm,  the  observed  optical  diffraction  radiation 
is  incoherent,  and  the  optical  wavelength  allows  us  to  use 
a  simple  CCD.  The  CCD  camera  is  trigger-able  with  1000 
x  1000  pixels  with  14-16  bits  resolution  in  each  pixel.  The 
size  of  the  CCD  is  16  x  16  mm2.  The  target  slit  is  made 
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Figure  2:  Top  view  of  the  experiment  layout  at  the  SLAC  FFTB 


of  crystalline  wafer/block  with  3-5  jim  thick  Au  conductor 
coating  on  the  top  plane.  The  slit  aperture  is  around  0.2 
mm. 

Assuming  the  typical  transverse  beam  size  of  5 
^m(horizontal)  x  5  /zm(vertical),  at  the  SLAC  FFTB  focal 
point,  the  measurement  error  of  the  transverse  beam  size  is 
expected  to  be  around  0.06  fim  in  an  ideal  case  by  using 
the  interference  pattern  of  the  optical  diffraction  radiation 
with  a  bandwidth  of  480  -  520  nm.  The  size  of  the  er¬ 
ror  of  the  transverse  beam  size  measurement  depends  on 
the  level  of  the  background  photons  into  the  CCD  camera 
and  the  stability  of  the  transverse  beam  size  and  shape  and 
the  location  of  the  transverse  center  of  gravity  of  the  beam. 
The  transverse  tail  part  of  the  beam  interacts  with  the  target 
slit  which  generates  the  optical  transition  radiation  (OTR). 
Scattered  synchrotron  radiation  of  the  target  slit  can  also 
contribute  to  the  background  optical  photons.  [6]  The 
downstream  end  of  the  closest  dipole  and  quadrupole  mag¬ 
nets  are  20  m  and  1  m  away  from  the  target  slit  respectively. 
The  total  path  length  of  the  ODR  photons  between  the  tar¬ 
get  slit  and  the  CCD  camera  is  around  30  m  where  the  CCD 
camera  is  located  in  a  measurement  room  located  outside 
of  the  FFTB  tunnel  shield  wall.  Fig.  2  shows  the  top  view 
of  the  experiment  area  at  the  FFTB  test  beam  line. 

We  obtained  the  simple  estimation  of  the  ODR  photon 
yield  by  using  the  exact  Maxwell  equation  solution  on  the 
infinitely  thin  ideally  conductive  semi-plane  with  the  opti¬ 
mal  gap  width  of  the  target  slit  at  0.2  7.  The  part  of  the 
ODR  yield  within  the  optimal  angular  width  of  O.I/7,  is 
estimated  as: 

=  5xl0-V(£)2, 

where  7  is  the  Lorenz-factor,  is  the  radiation  wave¬ 
length,  is  the  transverse  beam  size  with  the  Gaussian  ap¬ 
proximation.  For  at  10/zm,  at  0.5/mi,  and  7  at  60,000 
this  value  is  smaller  by  a  facto  of  4  x  104  than  the  ODR 
yield  in  the  same  angular  width  at  the  maximum  of  the 
ODR  angular  distribution,  and  it  is  smaller  by  a  factor  of 
105  than  the  optical  transition  radiation  (OTR)  yield  in  the 
same  angular  width  at  the  maximum  of  the  OTR  angular 
distribution.  The  angular  distribution  of  parallel  polariza¬ 
tion  of  an  ordinary  ODR  (in  the  far  field  zone)  is  presented 


in  Fig.  3. 


Figure  3:  Parallel  polarization  component  of  backward 
ODR  intensity  from  a  slit  of  0.1  7  width  for  7  at  60000. 
Angular  distribution  in  polarization  plane,  calculated  with¬ 
out  accounting  of  the  pre-wave  zone  effect. 

The  expected  number  of  the  optical  diffraction  radiation 
photons  in  the  1  dimensional  angle  range  of  IO/7  rad  within 
the  bandwidth  of  480  -  520  nm  is  around  1  xlO6  /  (1010 
electron/positron  bunch)  which  is  roughly  the  same  as  that 
of  the  optical  transition  radiation,  if  the  conducting  plate  is 
placed  directly  in  the  beam.  The  number  of  ODR  photons 
in  the  bandwidth  has  weak  dependence  on  the  beam  energy. 
Study  is  underway  to  investigate  the  possibility  of  using 
the  polarization  of  the  optical  diffraction  radiation  in  order 
to  suppress  the  background  optical  photons  into  the  CCD 
camera  with  a  polarization  filter. 

The  effect  of  the  total  wake  field  of  a  beam  bunch  to  the 
subsequent  beam  bunches  must  be  calculated  with  a  typical 
target  slit  parameters.  And  the  ’’pre-wave’  zone  effect  must 
be  taken  into  account  in  the  calculation  of  the  yield  of  the 
ODR  photons  from  the  target  slit. 

The  nature  of  the  ’pre-wave  zone’  effect  for  a  backward 
transition  (diffraction)  radiation  may  be  explained  as  fol¬ 
lows:  if  a  detector  is  placed  at  a  distance  less  than  72  from 
a  target,  then  measured  radiation  characteristics  will  be  dis¬ 
torted  in  comparison  with  ones  for  far  field  zone.  Model 
of  this  effect  was  developed  for  transition  radiation  [7,  8] 
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and  this  one  was  observed  experimentally  in  the  OTR  for 
electron  energy  at  0.9  GeV.  [9]  We  developed  a  simpler 
model  of  radiation  in  pre-wave  zone  which  allows  us  to  cal¬ 
culate  the  transition  and  diffraction  radiation  properties  for 
different  geometries.  Fig.  4  shows  the  preliminary  angu¬ 
lar  distribution  of  parallel  polarization  component  of  back¬ 
ward  ODR  intensity  from  a  slit  of  0.1  A7  gap  width  for  7 
at  60000  with  the  distance  of  the  detector  at  5.4m  from  the 
target  with  the  pre-wave  zone  effect. 


Figure  4:  Parallel  polarization  component  of  backward 
ODR  intensity  from  a  slit  of  0.1  A7  width  for  7  at  60,000. 
Angular  distribution  in  polarization  plane,  calculated  with 
the  pre-wave  zone  effect. 

The  goals  of  the  beam  test  for  the  beam  size  monitor  with 
optical  diffraction  radiation  at  the  SLAC  FFTB  are  : 

1.  establish  the  measurement  system  of  the  transverse 
size  of  the  28.5  GeV  electron  and  positron  beam  with  the 
optical  diffraction  radiation, 

2.  obtain  the  size  of  the  systematic  error  of  the  trans¬ 
verse  beam  size  measurement  by  using  the  conventional 
wire  scanner  with  multiple  beam  bunches,  or  by  using  the 
optical  transition  radiation  from  a  single  beam  bunch  off  a 
slant  target  plate  directly  placed  in  the  beam  path, 

3.  optimize  the  slit  plate  angle,  gap  size,  and  the  band¬ 
width  of  the  optical  diffraction  radiation  for  a  precise  non- 
invasive  beam  size  monitor, 

4.  study  on  the  measurement  error  of  the  transverse 
beam  size  due  to  the  background  photons  into  the  CCD 
camera  by: 

i)  optical  transition  radiation  off  the  target  slit  which  is 
generated  by  the  transverse  beam  tail  particles, 

ii)  scattered  optical  photons  off  the  target  slit  material 
associated  with  the  beam  halo,  and 

iii)  synchrotron  radiation  at  the  upstream  dipole  magnets 
and  quadrupole  magnets. 

The  key  issues  are  to  use  conventional  wire  scanners  and 
the  optical  transition  radiation  for  cross-calibration  of  the 
beam  size  measurement,  and  to  understand  the  background 
optical  photons  at  the  SLAC  FFTB.  The  challenges  of  this 
beam  test  are  to  achieve  the  required  flatness  of  the  con¬ 
ductive  slit  surface,  and  to  resolve  the  small  opening  angle 
between  the  interference  pattern  peaks  within  a  reasonable 
distance  without  distortion. 


SUMMARY 

We  design  a  single  bunch  transverse  beam  size  moni¬ 
tor  which  will  be  tested  to  measure  the  28.5  GeV  elec¬ 
tron/positron  beam  at  the  SLAC  FFTB  beam  line.  The 
beam  size  information  is  given  by  the  ratio  of  the  ODR 
photon  yield  in  the  valley  and  that  in  the  peak.  But  the  in¬ 
formation  is  distorted  by  the  pre-wave  zone  effect  of  the 
ODR  photons,  and  it  is  smeared  and  offset-ted  by  the  back¬ 
ground  photons  by  the  optical  transition  radiation  by  the 
transverse  beam  tail  particles,  the  synchrotron  radiations 
through  the  magnetic  elements,  and  the  beam  halo.  Work  is 
in  progress  in  finding  the  optimum  parameters  of  the  ODR 
beam  size  monitor  which  gives  the  maximum  information 
on  the  transverse  beam  size  with  those  distortion  effects 
and  backgrounds. 
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MEASUREMENT  OF  ELECTRON  BEAM  DIVERGENCE  USING  OTR-ODR 

INTERFEROMETRY 

R.  B.  Fiorito*,  A.  G  Shkvarunets  and  P.  G  O’Shea,  Institute  for  Research  in  Electronics  and 
Applied  Physics,  University  of  Maryland,  College  Park,  MD.  20742,  USA 


Abstract 

Optical  transition  radiation  (OTR)  interferometry  has 
been  shown  to  be  a  useful  diagnostic  for  measuring  the 
divergence  of  electron  beams  over  a  wide  range  of  beam 
energies  (15  MeV  -  230MeV)  [1],  However,  beam 
scattering  in  the  first  foil  of  the  interferometer  ultimately 
limits  the  useful  range  of  such  a  device.  To  overcome  this 
effect  we  have  designed  and  tested  a  perforated  front  foil 
interferometer  to  measure  divergence  of  electron  beams  in 
the  range  of  100-1000  micro  radians.  Unscattered  beam 
electrons  passing  through  the  holes  in  the  screen  produce 
optical  diffraction  radiation  (ODR),  while  those  passing 
through  the  solid  portion  produce  OTR.  For  the  proper 
hole  size,  number  and  screen  thickness,  the  ODR-OTR 
interferences  are  readily  observable  above  an  incoherent 
background  produced  by  the  scattered  electrons.  The 
fringe  visibility  provides  a  measurement  of  beam 
divergence.  The  results  of  proof  of  principle 
measurements  are  presented.  In  addition,  we  introduce  a 
novel  design  for  an  interferometer  useful  for  the  diagnosis 
of  low  energy,  low  emittance  beams. 

INTRODUCTION 

Conventional  OTRI  cannot  be  used  for  lower  energy 
beams  (E<10  MeV)  or  high  energy  beams  with  very  low 
divergence  because  scattering  in  the  first  foil  of  the  OTR 
interferometer  dominates  and  obscures  the  beam 
divergence.  To  overcome  this  problem  we  have  devised  a 
perforated  foil  (mesh)  -  solid  foil  interferometer,  which 
produces  a  combination  of  ODR  from  the  holes  and  OTR 
from  the  solid  portion  of  the  mesh.  These  radiations 
interfere  with  backward  reflected  OTR  produced  from  the 
second  mirrored  foil  as  shown  in  Figure  1. 

The  presence  of  the  perforations  produces  a 
complication  as  far  as  analysis  is  concerned  since  no 
analytic  theory  for  diffraction  radiation  from  a  matrix  of 
holes  in  a  metallic  foil  exists.  To  overcome  this  difficulty 
we  have  devised  a  simulation  code  (BEAMDR),  which 
calculates  the  electric  and  magnetic  fields  at  any  distance 
from  a  radiating  foil  for  any  geometry  of  single  or 
multiple  holes.  The  results  of  BEAMDR  are  combined 
with  analytic  calculations  of  OTR  from  the  mirror  to 
produce  far  field  ODR-OTR  interference  patterns. 

A  second  code  is  used  to  convolve  the  ODR-OTR 
interference  pattern  with  a  given  distribution  of  particle 
trajectory  angles  (usually  a  Gaussian  distribution  of 
angles)  and  a  given  optical  band  pass  function.  The  latter 
is  needed  to  produce  distinct  visible  fringes  for  a  given 
range  of  divergence.  Divergence  measurements  are 
obtained  by  fitting  the  final  code  results  for  various  rms 
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divergences  with  measured  interference  patterns.  A 
complete  description  of  these  codes  is  given  in  [2]. 

In  Section  I.  of  this  paper  we  present  a  detailed 
comparison  of  theoretical  predictions  and  experimental 
data  taken  with  both  conventional  OTR  and  ODR-OTR 
interferometry  to  demonstrate  its  viability  as  a  diagnostic 
method. 

In  Section  II.  we  describe  a  new  type  of  interferometer, 
useful  for  low  energy  beams,  which  uses  forward  directed 
radiation  from  a  metal  mesh  and  a  dielectric  foil.  The 
design,  operation  and  predicted  performance  of  this  novel 
device  are  discussed  in  detail. 


Figure  1:  ODR-OTR  interferometer;  interferences 
between  forward  directed  ODR  from  a  mesh  inclined  at 
45°  and  backward  reflected  OTR  from  a  parallel  mirror 
are  observed  at  90°  with  respect  to  the  beam  direction. 

PROOF  OF  PRINCIPLE  EXPERIMENT 

Both  ODR-OTR  and  conventional  OTR-OTR 
interferometers  were  use  to  measure  the  divergence  of  the 
Naval  Postgraduate  School’s  95  MeV  electron  beam 
linac.  The  average  current  of  this  machine  is  about  0.1 
pA,  and  the  macropulse  repetition  rate  is  60  Hz. 

A  detailed  description  of  the  ODR-OTR  and  OTR 
interferometers  used  in  our  proof  of  principle  experiment 
and  the  optical  layout  is  fully  described  in  [3],  so  that  we 
will  only  briefly  mention  the  relevant  details  of  the 
interferometers. 

A  5  pm  thick,  rectangular  aperture  copper  micromesh 
(750  lines  per  inch,  33  micron  period)  is  used  as  the  first 
foil  for  the  ODR-OTR  interferometer,  and  a  0.7  micron 
aluminum  foil  is  used  as  the  first  foil  in  the  conventional 
OTR  interferometer.  The  latter  produces  a  calculated  rms 
scattering  angle  of  about  0.1  mrad,  which  is  much  less 
than  the  expected  rms  beam  divergence,  6rms  -1  mrad.  An 
aluminized  silicon  mirror  serves  as  the  second  foil  for 
both  systerms.  The  foil  spacing  L=  25.4  mm.  A  650nm  X 
70  nm  band  pass  filter  was  used  to  observe  the 
interferences. 
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Figure  2:  (top):  fit  of  a  vertical  scan  of  OTR-OTR 
interference  pattern  to  computer  generated  simulation; 
(bottom):  similar  fit  to  vertical  scan  of  ODR-OTR 
interference  pattern  with  theoretical  calculation. 

Figure  2.  (top)  shows  a  vertical  (y)  scan  of  an  OTR 
interferogram  taken  at  a  vertical  (y)  beam  waist  condition 
together  with  a  fitted  theoretical  scan.  The  fitted  value  of 
the  rms  (y)  divergence  of  the  beam,  oy=0.7±0.05  mrad. 
Figure  2.  (bottom)  shows  a  similar  scan  of  an  ODR-OTR 
interferogram  taken  under  the  same  beam  conditions.  The 
fit  to  the  data  is  obtained  from  a  simulation  code  that  we 
developed  to  analyze  ODTRI  [2].  The  divergence 
measured  with  ODTRI,  cy=0.6±0.05  is  in  good  agreement 
with  that  obtained  using  OTRI.  Note  the  increased  filling 
in  and  reduced  visibility  of  the  fringe  pattern  due  to  the 
presence  of  the  incoherent  background  from  scattered 
electrons  in  the  solid  portion  of  the  mesh. 

NEW,  LOW  ENERGY 
INTERFEROMETER  CONCEPT 

For  low  energy  beams  the  inter  foil  spacing  (L  -  'fX)  is 
too  small  to  directly  observe  backward  reflected  OTR  and 
reflected  ODR  from  an  inclined  mesh  -  foil 
interferometer.  For  example,  at  beam  energy  E  =  10  MeV 
and  X  =  650nm,  L  <  1  mm. 

We  introduce  a  new  type  of  interferometer  to  solve 
this  problem  which  observes  interference  between 
forward  directed  ODR  from  a  mesh  and  forward  directed 
radiation  from  a  thin  dielectric  foil  as  shown  in  Figure  3. 


We  refer  to  the  radiation  produced  in  the  dielectric  as 
dielectric  optical  radiation  or  DOR.  The  interferences  are 


dielectric  foil 


Figure  3:  Mesh-dielectric  foil  interferometer. 


collected  by  a  downstream  mirror  which  has  a  circular 
hole  to  allow  the  beam  to  pass  through.  The  size  of  the 
hole,  a  »{yXl2n)  the  impact  parameter  for  the  generation 
of  ODR  from  the  mirror,  but  is  small  enough  so  that  most 
of  the  angular  interference  pattern  will  be  observed. 

There  are  two  important  questions  that  immediately 
arise  regarding  the  performance  and  design  of  this  device, 
namely:  (a)  what  are  the  properties  of  dielectric  optical 
radiation  and  (b)  what  is  the  effect  of  multiple  scattering 
of  electrons  in  the  dielectric  on  this  radiation? 

To  answer  (a)  we  have  taken  three  approaches  to 
calculate  DOR  at  observation  angles  in  the  range  of 
(1-  4)/y,  the  angular  region  of  interest. 

(1)  An  analytic  solution  due  to  Pafomov  [4],  in  which 
all  components  of  the  radiation  are  calculated  including 
multiple  reflections  within  the  dielectric. 

(2)  A  polarization  current  model  in  which  radiation  is 
generated  from  each  of  a  series  of  infinitesimal  layers 
produced  by  the  electron  as  it  passes  through  the  dielectric 
material.  This  radiation  has  an  component  in  the  vicinity 
of  1/y  as  well  as  at  the  Cherenkov  angle.  OTR  from  the 
boundaries  and  refraction  effects  are  included. 

(3)  A  transparent  “metal”  model  in  which  each 
surface  produces  radiation  with  an  intensity  equal  to  that 
of  OTR  from  a  metal-vacuum  interface.  Again  the 
refraction  of  OTR  from  the  first  boundary  is  included  as 
in  model  (2). 

Our  calculations  show  that  the  angular  distributions 
obtained  from  these  three  different  calculations  give 
nearly  identical  results  in  the  angular  region  of  interest. 
This  means  that  we  can  safely  employ  the  simplest,  i.e. 
the  two  metal  OTR  model,  to  calculate  the  response  of 
either  a  solid  metal  foil  -  dielectric  interferometer  or  a 
perforated  foil  -  dielectric  interferometer. 

Figure  4.  shows  a  comparison  between  the  Pafomov 
solution  for  DOR  and  the  two  metal  OTR  model  for  two 
wavelengths.  Apart  for  small  differences  near  the 
maxima,  the  results  are  the  same.  We  see  that  the  intensity 
of  DOR  can  be  controlled  by  proper  choice  of  thickness 
and  wavelength.  In  particular,  it  can  be  adjusted  to  equal 
that  of  OTR  from  a  single  metal  foil.  Once  this  is  done, 
the  ODR-DOR  interferometer  will  have  the  same 
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properties  as  the  ODR-OTR  interferometer  described 
above  in  Section  I. 


Pafomov,  650nm 
Two  Foils,  650nm 
Pafomov,  400nm 
Two  Foils,  400nm 


-  - - ■ — ■ - — — - - - - 1 
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THICKNESS, 


Figure  4:  The  Pafomov  and  two  metal  foil  model  of 
dielectric  foil  radiation  for  two  different  wavelengths. 

Effect  of  Scattering  in  the  Dielectric 

Code  calculations  have  been  performed  using  the  two 
metal  surface  model  for  a  beam  energy  E=10  MeV, 
dielectric  thickness  d=5.438  pm,  dielectric  constant  8  = 
2.25,  inter  foil  spacing  L  =  5mm,  observation  wavelength 
A=650nm  and  band  pass  AX=0.  This  set  of  parameters 
produces  a  net  intensity  of  DOR  equal  to  unity  in  metal  - 
vacuum  OTR  intensity  units.  When  electrons  are  scattered 
in  the  dielectric  with  the  same  scattering  angle  considered 
above  for  a  mesh  -  solid  foil  interferometer  (OfGu  =10 
mrad),  the  intensity  distribution  of  DOR  is  only  mildly 
affected  by  this  heavy  scattering.  Thus  we  conclude  that 
scattering  in  the  dielectric  does  not  significantly  affect  the 
angular  distribution  and  intensity  of  DOR. 

Figure  5.  shows  the  effect  of  beam  divergence  on  the 
interferences  of  an  OTR-DOR  interferometer  with  a 
scattering  cfoii  =  10  mrad  in  the  dielectric. 


Figure  5:  Effect  of  beam  divergence  on  OTR-DOR 
interferences. 


The  dashed  (red)  and  solid  (black)  curves  are  nearly 
indistinguishable  except  for  small  observable  angles.  Thus 


ANGLE,  1/y  units 

Figure  6:  Effect  of  beam  divergence  on  OTR-DOR 
interferences 

scattering  in  the  dielectric  has  a  negligible  effect  on  the 
vast  majority  of  the  observed  interferences. 

The  reason  for  this  result  is  that  the  path  length 
between  the  foils  primarily  determines  the  difference  in 
phase  of  the  photons  generated  at  the  first  and  second 
foils.  This  difference  is  negligibly  affected  by  the  optical 
path  length  and  scattering  introduced  by  a  thin  dielectric 
foil.  However,  the  relative  phase  is  still  strongly  affected 
by  scattering  in  the  first  foil  For  this  reason  a  mesh  or 
perforated  foil  must  be  used  in  combination  with  a 
dielectric  foil  to  measure  the  beam  divergence  for  low 
energy  beams. 

Figure  6.  shows  the  effect  of  beam  divergence  on  ODR- 
DOR  interferences  in  the  presence  of  scattering  in  the 
dielectric  foil,  afoil=10mrad.  In  this  case  E=8  MeV,  L=1.5 
mm,  d=5. 449pm,  X=650nm  and  AX=0. 

CONCLUSIONS 

Experiments  have  verified  that  ODR-OTR 
interferometry  is  a  viable  diagnostic  method  to  measure 
beam  divergence  for  moderate  energy  beams.  We  have 
demonstrated  computationally  that  ODR  -  DOR 
interferometry  is  an  new,  effective  divergence  diagnostic 
for  low  energy,  low  emittance  electron  beams. 
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Abstract 

A  beam  loss  monitoring  system  was  set  up  for  HLS 
(Hefei  Light  Source)  last  year.  The  beam  loss  message 
includes  some  beam  life  related  factors.  So,  besides 
detecting  vacuum  failures  in  the  storage  ring,  this  system 
may  serve  as  a  useful  tool  in  beam  life  research. 

The  beam  life  is  composed  of  three  parts:  Touschek 
life,  quantum  life  and  vacuum  life.  The  exact  loss  position 
of  the  corresponding  stored  electrons  can  be  concluded  if 
we  detect  shower  electrons,  which  give  a  distinct  clue  of 
loss  location,  but  not  to  detect  bremsstrahlung  photos  or 
neutrons.  So  it  is  important  to  analyze  the  positions  where 
beam  losses  take  place  and  qualitatively  distinguish  them. 

With  the  help  of  this  system,  the  researchers  have 
found  and  resolved  following  problems:  A  20-40  mA 
beam  loss  frequently  observed  during  ramping  process; 
vacuum  dead  area  near  the  front  ends  of  beam  lines;  a 
beam  life  decline  when  a  6-Tesla  superconducting 
wiggler  was  powered;  etc. 

PREFACE 

We  completed  a  beam  loss  monitoring  (BLM)  system 
for  HLS  (Hefei  Light  Source)  last  year.  The  original 
purpose  was  detecting  vacuum  failures  in  the  storage  ring. 
During  the  design  stage,  by  calculation  we  found  that  the 
beam  loss  message  includes  some  beam  life  related 
factors  and  it  is  possible  to  expend  BLM  system’s 
function.  It  may  serve  as  a  usefUl  tool  in  beam  life 
research.  This  idea  has  been  proved. 

THEORETICAL  ANALYSIS 

Part  of  the  beam  loss  component  A I  is  measured  by 
this  system.  For  HLS,  the  total  electron  amount  is  about 
1013  when  the  stored  current  is  100  mA  and  the  loss  rate 
is  about  107/s  if  the  1/e  beam  life  is  10  hours.  There  are 
about  104  records  of  lost  electrons  per  second  even  if  only 
1/1000  of  them  can  be  detected.  So  it  is  easy  to  get  high 
measurement  sensitivity  by  this  system. 

The  main  points  for  designing  and  applying  such  a 
system  in  beam  life  research  are  as  following:  beam  loss 
mechanisms,  different  components  of  the  lost  beam  and 
how  to  distinguish  them,  suitable  and  cheap  measurement 
devices,  the  best  positions  to  install  the  devices  along  the 
storage  ring. 

The  beam  life  can  be  roughly  explained  by  following 
formula: 


#  lyx@ustc.edu.cn 


r  tt  rq  Tv 

T  -beam  life  time  x  T-  Touschek  life  time 
x  q-Quantum  life  time  x  v- Vacuum  life  time 

Here  rq  can  usually  be  omitted  since  it  is  much  longer 
than  rT  and  xv  when  the  machine  operates  well,  The 
collision  among  inner-bunch  electrons  is  an  elastic  one 
and  may  bring  about  large  momentum  deviations  and 
hence  electron  loss,  that  determines  Touschek  life  tt. 
This  kind  of  loss  always  involves  a  pair  of  electrons,  for 
which  the  chances  to  hit  inner  or  outer  wall  of  the  vacuum 
chamber  are  equal.  The  electron  colliding  with  residual 
gas  molecule  may  lose  energy,  and  then  hit  the  inward 
wall  of  the  chamber  during  or  after  passing  dipoles,  if  the 
energy  loss  exceeds  a  certain  amount.  By  calculating  we 
know  the  critical  value  of  energy  loss  is  about  2.4%  and 
learn  how  the  loss  rate  is  distributed  along  the  ring.  [1] 

Shower  occurs  when  the  electron  hits  the  vacuum 
chamber  wall.  Among  this  process,  shower  electrons 
carry  more  distinct  position  information  of  lost  electron 
than  photos  and  neutrons  do.  To  understand  their 
distribution  we  tracked  the  shower  electrons,  whose 
energy  down  to  1.5  MeV,  outside  the  vacuum  chamber 
wall  by  EGS4  method.  We  use  the  detector  which  is  very 
sensitive  to  shower  electrons  (the  detection  efficiency  is 
over  30%  to  the  shower  electron  whose  energy  higher 
than  MIP)  but  nearly  no  response  to  photos  and  neutrons 
(its  sensitivity  to  gamma  is  lower  than  0.06%).  Therefore 
where  the  electrons  are  lost  can  be  determined. 

The  important  thing  is  to  analyze  the  different  positions 
where  various  beam  loss  components  take  place.  To 
qualitatively  distinguish  them,  we  will  select 
corresponding  measure  points. 

APPLICATION 

Based  on  the  theoretical  analysis  we  completed  this 
new  beam  loss  monitoring  (BLM)  system.  [2]  In  addition 
to  the  high  sensitivity  to  vacuum  failures,  we  have 
applied  it  in  beam  life  research  successfully.  Different 
from  the  similar  systems  we  use  the  detectors  in  pairs 
along  the  storage  ring.  Twelve  pairs  are  fixed  on  12 
dipole  exits  separately  and  another  one  is  fixed  on  the 
linear  section.  We  think  the  sum  of  count  rate  coming 
from  half  of  all  the  detectors,  which  are  fixed  on  the 
outward  chamber  wall,  may  be  more  or  less  related  with 
Touschek  life  time.  The  difference  between  the  count  rate 
sums  from  the  detectors,  which  are  fixed  on  the  inward 
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and  outward  wall  separately,  reflects  the  vacuum  life 
time.  This  BLM  system  has  made  an  important 
contribution  to  machine  study. 

EXPERIMENTAL  RESULTS 

The  system  runs  well  after  completed.  The  primary 
results  we  got  are  indicated  below: 

Additional  beam  loss  during  ramping  process 

The  200  MeV  electrons  will  be  ramped  to  800  MeV 
after  injected  to  the  storage  ring.  There  often  existed  20- 
40  mA  beam  loss  at  the  beginning  of  the  ramping  process. 


See  Figure  1. 

With  the  help  of  the  BLM  system  we  found  this  part  of 
the  beam  loss  took  place  at  the  downstream  of  the  first 
dipole  B01,  the  inner  wall  of  the  storage  ring.  We  think 
this  is  because  of  the  delay  from  the  kicker  closed  to  total 
stopped.  Therefore  the  obit  keeps  moving  after  raping 
begins.  We  resolved  this  problem  by  locking  the  time 
between  injection  stops  and  ramping  begins  with  a 
MCU.  The  beam  loss  at  B01  decreased  two  orders  of 
magnitude.  The  total  beam  loss  is  only  several  mA’s 
during  the  ramping  process.  See  Figure  2. 


HLS  DCCT  Curve 


Figure  1 :  The  beam  loss  during  ramping  process  before  improvement 


Figure2:  The  beam  loss  during  ramping  process  after  improvement 


Beam  loss  caused  by  the  accumulated  gas  at  the 
front  ends 

Due  to  lack  of  vacuum  pumps  near  the  water-cooling 
masks  at  the  front  ends  of  photon  beam  lines,  some  gas 
was  accumulated  there  and  would  impact  the  electron 


beam  strongly  later,  when  the  gate  valve  was  opened. 
This  phenomenon  was  clearly  recorded  by  the  BLM 
system.  We  can  see  this  phenomenon  clearly  in  Figure  3. 
So  the  local  vacuum  system  should  be  improved.  Less 
beam  loss  will  be  propitious  to  beam  life  . 
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Curve  Plot  Dcmostration 

u/30t*  Time  2001/01/11  KS-12-OS  To  2001/01/11  17-12-05 


Figure  3:  Beam  loss  caused  by  the  accumulated  gas  at  the  front  ends 


The  Influence  comes  from  the  superconducting 
wiggler 

The  beam  lifetime  decreased  seriously  when  a  6-Tesla 
superconducting  wiggler  was  powered  if  the  machine 
operation  parameters  were  not  properly  chosen.  It  once 
declined  from  9.7  hours  to  2.9  hours  because  of  this,  as  a 
result  of  beta  function  distortion  and  quantum  lifetime 
reduction.  After  calculations,  a  quadrupole  strengths 


global  compensation  was  carried  out  and  let  to  a  great 
success.  Figure  4  is  the  beam  loss  before-and-after  the 
global  compensation.  In  Figure  2,  the  lower  line  is  the 
beam  life  curve.  The  beam  life  suffered  from  a  small  drop 
caused  by  wiggler  powering  and  it  recovered  after  the 
compensation.  The  machine  runs  well  after  the 
parameters  were  readjusted. 


Figure  4:  The  beam  loss  before-and-after  the  global  compensation 


The  BLM  system  for  storage  ring  is  outside  the  vacuum 
chamber,  does  not  influence  the  machine  operation  and  is 
reliable  and  cheap.  It  is  really  a  useful  new  tool  for  beam 
life  research. 
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NEW  DESIGN  OF  THE  TESLA  INTERACTION  REGION  WITH  L*  =  5  M 

O.Napoly,  J.Payet,  CEA/DSM/DAPNIA,  Saclay,  France 

Abstract 


We  study  the  main  implications  of  increasing  the  last 
drift  length  /*  from  3  to  5  meters,  in  the  TESLA 
interaction  region:  namely,  the  design  of  a  new  final  focus 
system  with  a  better  chromatic  correction,  the  extraction 
of  the  beam  after  the  collision  through  the  opposite 
doublet,  and  the  new  collimation  requirements. 

INTRODUCTION 

Increasing  the  distance  I*  between  the  final  doublet  and 
the  interaction  point  (IP)  to  /*  =  5  m  would  be  beneficial 
for  the  TESLA  Interaction  Region  (IR)  design.  From  the 
accelerator  point  of  view,  the  superconducting  final 
quadrupoles  would  move  out  of  the  large  field  (4T) 
region  of  the  detector  solenoid,  thus  reducing  the  need  for 
an  optical  correction  of  the  solenoid  effect  on  the  beam. 
From  the  detector  point  of  view,  the  forward  acceptance 
would  increase  at  low  angles,  the  TPC  (Time  Projection 
Chamber)  and  calorimeter  background  created  in  the 
quadrupole  cold  mass  would  reduce,  and  it  would  offer 
the  possibility  of  a  lighter  mask  with  a  simpler  support 
system. 

In  counterpart,  a  longer  /*  raises  three  problems, 
mainly: 

•  the  correction  of  the  chromaticity  created  by  the 
last  doublet,  which  is  proportional  to  /* 

•  the  extraction  of  the  spent  beam 

•  the  extraction  of  the  synchrotron  radiation 
generated  in  the  last  doublet. 

We  successively  discuss  these  three  points. 

THE  FINAL  FOCUS  SYSTEM 

By  adopting  the  central  idea  of  the  NLC  final  focus 
system  [1,2,3]  -  non-zero  dispersion  in  the  final 
quadrupole  doublet  to  correct  its  chromaticity  locally  by 
inserting  one  sextupole  between  the  quadrupoles  —  the 
performance  of  the  chromatic  correction  can  be  greatly 
improved.  However  the  NLC  layout  as  such  is  not 
compatible  with  the  TESLA  head-on  collision  scheme. 
Indeed,  a  magnet  free  drift  space  of  about  240  m  is 
necessary  to  let  the  beamstrahlung  cone  be  intercepted  at 
the  position  of  the  beam  dump  [4]. 

Taking  advantage  of  the  superior  chromatic  correction, 
a  new  TESLA  final  focus  system  with  /*  =  5  m  has  been 
designed,  as  displayed  in  Figure  1.  Chromo-geometric 
aberrations  are  compensated  at  the  second  order  by  two 
pairs  of  interleaved  sextupoles,  each  pair  acting 
essentially  in  one  plane.  Within  each  pair,  the  transfer 
matrix  R  in  the  xy-plane  between  the  sextupole  located  at 
the  first  (x-pair)  or  second  (y-pair)  maximum  of  the  beta- 
functions,  and  the  sextupole  located  in  the  last  doublet  has 
the  form: 


M  0  0  0 

r=r2]  i/m  0  0  S 

0  0  M  0 

0  0  r43  1/m 

where  the  non-zero  terms  are  arbitrary.  The  second  order 
geometric  aberrations  produced  by  the  two  vertical 
sextupoles  are  thus  cancelled  [2].  The  dispersion  in  the 
doublet  results  in  an  angular  dispersion  D’x  =10  mrad  at 
the  IP,  to  be  compared  with  the  37  prad  beam  angular 
spread.  It  also  creates  a  sizeable  the  2nd  order  dispersion 
which  is  cancelled  by  including  a  fifth  sextupole  at  the 
upstream  maximum  of  the  dispersion  function. 


0  100  200  300  400  500 


Figure  1:  Optics  of  TESLA  final  focus  with  /*  *  5  m 
(NLC-like  solution). 

By  optimizing  the  beta-waist  position  at  the  first  dipole 
family,  the  horizontal  emittance  growth  generated  by 
synchrotron  radiation  is  minimized  to  small  fraction  of 
the  10'11  m  nominal  emittance  for  the  400  GeV  beam 
energy  (Figure  2). 


Figure  2:  Horizontal  emittance  growth  for  the  400  GeV 
beam  energy.  Nominal  emittance  is  10"11  m. 

An  alternative  optics  solution  (Figure  3)  has  also  been 
studied  where  the  smaller  horizontal  chromaticity  is 
compensated  in  an  upstream  correction  section  like  in  the 
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TESLA  TDR[4]  design.  In  this  ‘hybrid’  system,  the  two 
sextupole  pairs  are  not  interleaved.  The  IP  second-order 
dispersion  is  cancelled  by  an  intermediate  dispersion 
bump  which  also  reduces  the  angular  dispersion  at  the  IP 
to  D’x  =  2.6  mrad. 


Figure  3:  Optics  of  TESLA  final  focus  with  /*  =  5  m 
(hybrid  solution). 


Figure  4:  IP  bandwidths  of  the  /*  =  5m  final  focus 
(NLC-like  solution). 


Figure  5:  IP  bandwidths  of  the  l*  =  5m  final  focus 
(hybrid  solution). 

The  performance  of  the  NLC-like  and  hybrid  final  focus 
systems  are  plotted  in  Figs.4,5  in  terms  of  normalized 
beam  sizes  and  luminosity  (without  beam-beam  effect)  as 
functions  of  the  beam  RMS  energy  spread  cte/E.  While 
both  systems  prevail  over  the  TDR  /*=  3m  design,  the 
NLC-like  system  is  definitely  superior.  It  is  also  the 
shortest  and  its  only  drawback  is  the  larger  IP  angular 
dispersion  D’x. 


THE  SPENT  BEAM  EXTRACTION 

The  acceptance  of  the  outgoing  final  doublet  to  particles 
originating  from  the  point-like  collision  at  a  given  angle 
can  be  defined  by  calculating  the  maximum  angle  0^ 
with  respect  to  the  beam  axis  for  a  particle  to  hit  the 
doublet  aperture  as  a  function  of  its  energy.  Due  to  the 
doublet  polarity,  the  tightest  acceptance  occurs  when  the 
IP  emission  is  in  the  horizontal  plane.  These  acceptances 
are  compared  in  Figure  6  in  the  cases  where  /*  =  3  and 
5  m  assuming  a  doublet  aperture  diameter  of  48  mm  and  a 
4  T  solenoid  field  applied  over  the  first  4.5  m  distance. 
The  difference  between  the  two  curves  is  small  and  the 
/*  =  5  m  weaker  doublet  is  actually  more  efficient  in 
extracting  the  low  energy  particles  like  the  e+e-  pairs  and 
the  e±  bremsstrahlung.  Tracking  simulations  must  be 
done  to  confirm  this  analysis. 


Figure  6:  Angular  acceptance  in  the  horizontal  plane  of 
the  outgoing  final  doublet  as  a  function  of  particle  energy. 


THE  COLLIMATION  REQUIREMENTS 

Extraction  of  the  synchrotron  radiation  from  the  doublet 
regions  for  an  incoming  beam  with  a  transverse  extension 
of  8.6  cjx  x  47.5  Gy  is  shown  in  Figure  7. 


S  Jnr) 

Figure  7:  Diagonal  stretch  of  the  synchrotron  radiation 
emitted  by  the  final  doublet  through  the  opposite  inner 
mask  (black)  and  doublet  apertures  (hatched). 

The  collimation  depths  are  set  by  the  aperture  and  the 
position  of  the  inner  mask.  A  diameter  of  24  mm  at  most 
is  required  to  properly  shield  the  vertex  detector  of 
15  mm  radius.  Moving  the  mask  away  from  the  IP  by  2  m 
along  with  the  doublet  is  favourable  for  the  detector 
point-of-view  because  it  increases  the  low-angle  coverage 
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and  minimizes  the  weight  of  the  overall  detector  mask. 
But,  as  shown  by  Table  1,  the  collimation  requirements 
are  indeed  much  tighter  than  in  the  TDR  design.  These 
tight  collimation  requirements  should  be  met  by  an 
improved  collimation  optics  using  tail  folding  by  non¬ 
linear  elements  (octupoles)  [5]. 


Table  1 :  Beam  collimation  requirements  for  synchrotron 
radiation  extraction. 


!* 

IP  to  Mask 
distance 

Number 

of(Tx 

Number 

Of  Gy 

TDR 

design 

3  m 

2  m 

13 

81 

New  design 

5  m 

4  m 

8.6 

47.5 

up  in  closing  the  one  horizontal  betatron  spoiler  in  phase 
with  the  final  doublet  by  about  30%.  A  wider  energy 
collimation  could  result  into  more  sizeable  changes  of  the 
betatron  spoilers. 


The  above  collimation  depths  are  derived  from  an 
analysis  [6]  which  assumes  nominal  beam  phase-space 
distributions  at  the  IP  and  ignores  the  energy  dimension. 
Taking  the  energy  dependence  into  account  is  necessary, 
especially  with  a  non-zero  dispersion  function  in  the 
doublet,  but  it  should  rely  on  realistic  rather  on  ideal 
beam  distributions.  Therefore,  once  the  TESLA-TDR 
collimation  section  has  been  matched  to  the  entrance  of 
the  NLC-like  final  focus  optics  (figure  8),  the  5D  beam 
phase-space  enclosed  by  the  apertures  of  the  energy  and 
betatron  spoilers  is  transported  to  the  final  doublet  for  on- 
momentum  (figure  9)  as  well  as  off-momentum  energies. 


0  200  400  600  800  1000  1200  1400  1600 

Figure  8:  Off-momentum  central  trajectories  through  the 
TESLA  beam  delivery  system. 

The  importance  of  doing  the  off-momentum  transport 
to  all  orders  by  scaling  the  magnet  strengths,  rather  than 
at  the  1st  order  only,  is  highlighted  by  Fig. 8  which  shows 
that  the  higher  order  dispersion  is  large  in  particular  in  the 
betatron  collimation  section.  Once  the  energy  collimation 
depths  are  set  for  given  apertures  of  the  two  energy 
spoilers,  in  the  present  case  [-0.52%,  +0.39%],  the 
extreme  photon  rays  originating  from  the  phase-space 
comers  (red  dots  in  Fig.9)  are  plotted  through  the  IR 
apertures  for  a  dense  enough  set  of  energy  deviations 
within  the  energy  window,  and  the  betatron  spoiler 
apertures  are  fine-tuned  until  the  synchrotron  ray  pattern 
reproduces  that  of  figure  7.  In  the  present  case,  it  ended 


Figure  9:  On-momentum  horizontal  phase-space  enclosed 
by  the  collimation  spoilers.  Colours  of  the  slits  match 
those  inFig.8. 

CONCLUSIONS 

In  order  to  upgrade  the  IR  design  of  TESLA,  the  optics 
of  a  final  focus  system  with  /*  =  5  m  has  been  studied. 
Two  chromatic  correction  optics  inspired  by  the  new 
NLC  final  focus  have  been  derived  and  their  performance 
have  been  compared  and  found  already  superior  to  the 
previous  /*  =  3m  design.  The  spent  beam  extraction  of  the 
new  systems  seems  more  favourable  for  low  energy 
particles.  The  collimation  depths  are  more  stringent,  as 
expected,  and  they  might  require  adapting  an  octupole 
tail-folding  optics  into  the  collimation  section.  Using  the 
collimation  section  designed  for  the  TESLA  TDR,  the 
impact  of  energy  deviations  on  the  on-momentum 
aperture  settings  of  the  betatron  spoilers  has  been  studied 
by  propagating  the  energy-dependent  un-collimated 
phase-space  to  the  final  doublet  and  checking  the 
synchrotron  radiation  stay-clear. 
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Abstract 

Recent  experimental  results  on  normal  conducting  RF 
structures  indicate  that  the  scaling  of  the  gradient  limit 
with  frequency  is  less  favourable  than  was  believed.  We 
therefore  reconsider  the  optimum  choice  of  RF  frequency 
and  iris  aperture  for  a  normal  conducting,  two-beam  lin¬ 
ear  collider  with  ECms=3  TeV,  a  loaded  accelerating  gra¬ 
dient  of  150  MV/m  and  a  luminosity  of  8-1034cm'2s'1.  The 
optimisation  criterion  is  minimizing  RF  costs  for  invest¬ 
ment  and  operation  with  constraints  put  on  peak  surface 
electric  fields  and  pulsed  heating  of  accelerating  struc¬ 
tures.  Analytical  models  are  employed  where  applicable, 
while  interpolation  of  simulation  program  results  is  used 
for  the  calculation  of  luminosity  and  RF  structure  proper¬ 
ties. 

INTRODUCTION 

The  rational  for  the  use  of  high  frequency,  normal  con¬ 
ducting  linac  technology  for  linear  colliders  in  the  multi- 
TeV  regime  like  CLIC  [1]  has  been  discussed  in  [2]  and 
earlier  by  [3].  However,  there  it  is  assumed  that  the  in¬ 
crease  of  obtainable  accelerating  fields  with  frequency  as 
observed  in  the  3-12  GHz  range  [4]  continues  for  even 
higher  frequencies.  This  assumption  was  not  confirmed 
by  recent  experiments  [5],  which  indicate  rather  a  satura¬ 
tion  of  the  attainable  field  for  an  electric  surface  field- 
strength  Es  of  about  300  MV/m  independent  of  frequency. 
Another  important  limitation  comes  from  cavity  surface 
damage  due  to  pulsed  surface  heating  AT  by  the  magnetic 
RF  surface  field  Hs.  Recent  measurements  indicate  that 
the  pulsed  heating  must  be  limited  somewhere  in  the 
range  of  40  to  120  K  for  copper  cavities  [6].  Based  on 
these  informations  the  optimum  RF  frequency  and  accel¬ 
erating  structure  iris  opening  afk  in  terms  of  costs  is 
computed  for  a  two  beam  linear  collider  like  CLIC.  The 


center  of  mass  energy  ECms,  mean  accelerating  gradient  G 
and  effective  luminosity  Lj  in  a  1%  energy  bin  are  as¬ 
sumed  to  be  those  of  the  present  CLIC  design,  i.e.  3  TeV, 
150  MV/m  and  3.3-1034cmV. 

ASSUMPTIONS 

The  assumptions  below  are  used  for  the  optimisation: 

RF-  structures 

The  structure  geometry  parameters  are  determined  by 
the  condition  that  for  a  given  afk  the  cell  geometry  giv¬ 
ing  the  highest  shunt  impedance  Rs’  for  a  surface  to  ac¬ 
celerating  field  ratio  Es/G<2  should  be  chosen.  To  deter¬ 
mine  these  geometries  a  large  number  of  cases  have  been 
computed  with  the  code  URMEL.  The  results  are  com¬ 
piled  in  table  1  with  the  definition  of  the  geometry  pa¬ 
rameters  in  fig.  1.  It  is  apparent  that  for  larger  apertures 
the  cell-to-cell  phase  advance  has  to  be  decreased  to  keep 
the  surface  field  small  at  the  expense  of  reduced  Q  values. 
The  cell  parameters  of  table  1  are  applied  to  the  middle 
cell  of  the  structure  and  the  variation  of  R5’  and  Q  along 
the  structure  is  neglected.  Although  the  URMEL  calcula¬ 
tions  as  listed  in  table  1  are  performed  for  cells  without 
higher  order  mode  damping,  the  effect  of  the  damping  is 
taken  into  account  by  applying  a  fudge  factor  of  0.8  to  Q 
and  a  factor  of  1 .41  to  Hs/G.  These  are  typical  values  for 
the  CLIC  accelerating  structures  presently  under  consid¬ 
eration  [7].  The  length  of  the  RF  structure  is  determined 
by  the  requirements  that  the  group  velocity  varies  linearly 
along  the  structure,  fulfilling  the  constant  gradient  condi¬ 
tion  for  half  the  nominal  beam  current.  The  ratio  of  group 
velocity  at  the  structure  input  to  output  is  fixed  to  3. 
These  choices  of  parameters  seem  to  be  a  good  compro¬ 
mise  for  RF  to  beam  efficiency,  maximum  field  at  zero 
beam  current  and  technical  feasibility. 


Table  1  Travelling  wave  structure  cell  parameters,  which  give  highest  Rs’  for  Es/G< 2.  The  parameters  are  given  for 
a  synchronous  frequency  of  30  GHz.  The  scaling  behaviour  with  frequency  is  indicated  in  the  2nd  row. 
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Fig.  1  Definition  of  geometry  parameters  for  table  1 . 

Bunch  charge  and  spacing 


The  bunch  charge  QB  and  bunch-length  az  are  opti¬ 
mised  according  to  the  criteria  described  in  [8]  with  the 
constraints  that  the  total  energy  spread  is  kept  <1%  and 
the  transverse  short-range  wakefield  at  a  distance  az  be¬ 
hind  the  bunch  center  is  kept  at  a  constant  value  taken 
from  the  present  CLIC  design.  A  gaussian  bunch  shape  is 
assumed  and  the  longitudinal  and  transverse  short-range 
wakefields  are  computed  with  the  formulae  given  in  [9]. 
The  RF  phase  is  fixed  at  12°  off  crest. 

The  bunch  spacing  is  obtained  by  the  requirement  that 
the  long-range  wakefield  strength  should  be  kept  con¬ 
stant.  The  rational  for  this  is,  that  for  given  linac  length 
and  alignment  tolerance  the  emittance  growth  due  to 
transverse  wakefields  should  be  approximately  constant  if 
the  wakefield  strength  is  kept  constant.  Since  the  bunch 
charge  is  already  determined  as  described  above,  only  the 
bunch  spacing  can  be  adjusted  to  fulfil  this  condition. 
This  spacing  is  worked  out  by  computing  for  each  geome¬ 
try  of  table  1  the  rms  strength  V<WT  ,2>  and  the  1st  syn¬ 
chronous  dipole  mode  frequency  of  the  transverse  long- 
range  wakefield  vi  with  the  code  ABCI.  These  values  are 
listed  in  the  two  last  columns  of  table  1 .  Assuming  an  ex¬ 
ponential  damping  in  time  with  a  damping  time  of 
v=Q/7TVj,  where  the  quality  factor  of  the  first  dipole  pass- 
band  Q  is  assumed  to  be  20,  the  bunch  distance  needed  to 
keep  the  long-range  wakefield  strength  constant  at  a  ref¬ 
erence  value  Wref  given  by  the  present  CLIC  design  can 
be  estimated  as: 


Luminosity 

The  effective  luminosity  L}  scales  in  the  multi  TeV  re¬ 
gime  like  ~P mb  / Oz  if  the  vertical  beam  size  at  the  IP  crY* 
is  kept  constant  and  the  horizontal  beam  size  ox*  is  ad¬ 
justed  to  an  optimum  value  [2].  Pm  is  the  mean  power  of 
the  main  beam.  However,  as  pointed  out  in  [8]  this  opti¬ 
mum  value  cannot  be  reached  for  all  possible  combina¬ 
tions  of  bunch  charge  and  length  due  to  limitations  of  the 
damping  ring  and  the  beam  delivery  system.  Fig.  2  shows 
the  deviation  from  this  scaling  as  a  function  of  bunch 
charge  computed  with  the  program  GUINEA-PIG 


Fig.  2  Deviation  from  Li-Pmb/Oz  scaling  due  to  con¬ 
straints  on  ay*  for  <r/==0.7nm. 


Pulse  length  and  repetition  rate 

The  pulse  length  is  determined  by  the  condition  that  the 
maximum  pulsed  surface  heating  is  kept  constant  at 
AT=S0  K  and  the  repetition  rate  is  adjusted  in  a  manner  to 
keep  the  effective  luminosity  Lj  constant. 

Costing 

To  estimate  the  dependence  of  overall  costs  on  Vrf  and 
a/A  we  assume  that  the  dependency  of  main  linac  and 
tunnel  costs  on  theses  quantities  is  small,  since  G  and 
therefore  the  total  linac  length  is  kept  constant.  Implicitly 
it  is  also  assumed  that  the  strength  of  focusing  systems 
and  alignment  tolerances  are  kept  constant.  Therefore  the 
main  cost  dependence  comes  from  the  RF  power  source 
and  here  more  specifically  from  the  drive  beam  accelera¬ 
tor.  The  two  main  contributions  are  the  costs  for  electric¬ 
ity  and  the  investment  costs  for  the  RF  source  needed  to 
power  the  drive  beam  accelerator.  Supposing  that  the 
drive  beam  scheme  is  sufficiently  flexible  to  have  con¬ 
stant  wall  plug  to  (high  frequency)  RF  efficiency  ripiug.RF 
of  40%  [1],  we  compute  the  electricity  costs  for  a  ten- 
year  period  with  5000h  of  running  a  year  as 

Ce  =  P mb  1  { Vpiug-RF '  Vrf-mb)  ‘5000h  T0y*0.06  SFr/kWh 
With  tJrf-mb  the  RF  to  main  beam  power  transfer  effi¬ 
ciency  computed  for  each  combination  of  i/and  a/A.  For 
the  power  source  investment  it  is  assumed  that  the  source 
can  be  broken  up  in  klystron/modulator  units  delivering 
4  kJ  RF  energy  per  pulse  each,  with  a  unit  cost  estimated 
from  past  experience  [10]  of 

Cv  =  1.725  MSFr+0.012  MSFr  *  v^[Hz] 

where  vR  is  the  repetition  frequency.  Hence  the  total  in¬ 
vestment  cost  for  this  power  source  is  given  by 

Cj  =  Gy  'ECms  'Qb'Nb  /  (tIrf-mb  *  Vrfdm)  /  4  kJ 
With  Nb  the  number  of  bunches  per  pulse  and  rjRFDM  the 
drive  beam  RF  to  main  beam  RF  power  transfer  effi¬ 
ciency.  The  present  CLIC  value  of  rjRFDM=6S%  has  been 
assumed.  The  total  cost  of  the  drive  beam  power  source  is 
given  by 

Cjotal  -  cE+q 
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RESULTS 

Putting  all  together  we  get  the  drive  beam  power  source 
cost  as  shown  in  fig.  3  and  fig.  4.  The  curves  in  fig.  3  are 
computed  without  constraints  on  cr* ,  while  ax*  >60  nm  is 
imposed  for  the  case  shown  in  fig.  4.  At  the  present  status 
of  the  damping  ring  and  beam  delivery  system  design  this 
latter  case  is  the  more  realistic  assumption.  For  each  fre¬ 
quency  the  a/A  that  minimises  total  costs  has  been  chosen. 
In  the  unconstrained  case  this  leads  to  a  constant  a// 1  of 
0.15.  In  the  constrained  case  a/A  increases  almost  linearly 
from  0.15  at  14  GHz  to  0.275  at  42  GHz.  For  the  uncon¬ 
strained  case  CE  is  almost  constant  and  Q  decreases 
monotonically  with  frequency.  For  the  more  realistic  con¬ 
strained  case  a  flat  cost  minimum  is  achieved  for  the  fre¬ 
quency  range  22-26  GHz.  Table  2  compares  parameters 
that  correspond  to  the  cost  minimum  of  fig.  4  with  the 
present  CLIC  parameters*.  The  improvement  in  RF  source 
cost  is  not  dramatic,  however,  the  optimised  case  has  the 
additional  advantage  of  reduced  electric  surface  field  and 
pulsed  surface  heating  for  the  main  linacs  in  comparison 
with  the  present  CLIC  reference  design. 


v  (GHz) 

Fig.  4  Costs  of  power  source  with  <r*  >60nm. 


CONCLUSION 

Although  the  faith  that  higher  frequencies  automatically 
lead  to  higher  achievable  accelerating  fields  has  vanished 
in  recent  years,  the  argument  that  high  frequencies  are  fa- 

* 

Same  power  source  cost  model  has  been  applied  for  both  cases. 


vourable  for  TeV  class  linear  colliders  is  still  valid  for 
budget  reasons.  The  optimum  frequency  depends  on  the 
limitations  on  the  achievable  IP  beam  size.  In  the  CLIC 
case  this  optimum  is  at  the  present  design  state  at  about 
22-26  GHz  with  an  a/A  of  0.175-0.2.  If  progress  in  the  de¬ 
sign  of  the  damping  ring  and  beam  delivery  system  allows 
for  smaller  IP  beam  size,  this  optimum  will  shift  to  higher 
frequencies.  Further  studies  are  necessary  to  investigate 
the  impact  of  parameters  on  the  other  components  of  the 
drive  beam  complex,  the  injector  chain,  damping  rings, 
main  linacs  and  beam  delivery  system. 


Table  2  Present  CLIC  and  optimised  parameters 


- - - - - 

present 

optimised 

EcMs(TeV) 

3 

3 

G  (MV/m) 

150 

150 

gy*./  ax*.(nm) 

0.7/60 

0.7/60 

Li  (1034  crn'^  s'1) 

3.3 

3.3 

Vrf  (GHz) 

30 

26 

a/A,  (averaged) 

0.2 

0.2 

QB(nC) 

0.64 

0.92 

Oz  (Hm) 

35 

44 

AtB  (ns) 

0.66 

0.77 

Tpuis  (ns) 

103  ns 

49  ns 

Vreo  (Hz) 

100 

150 

PAc  (MW) 

319 

280 

'Hrf-mb  (%) 

23.1 

24.6 

CE( MSFr) 

890 

820 

C[  (MSFr) 

1270 

930 

CTotai  RF  source  (MSFr) 

2160 

1750 
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Abstract 

Two  of  the  main  requirements  for  CLIC  30  GHz  accel¬ 
erating  structures  are  an  average  accelerating  gradient  of 
150  MV/m  and  features  which  suppress  long-range  trans¬ 
verse  and  longitudinal  wakefields.  The  main  effects  that 
constrain  the  design  of  a  copper  structure  are  a  surface  elec¬ 
tric  field  limit  of  about  300  MV/m,  from  evidence  produced 
by  the  CLIC  high-gradient  testing  program,  and  a  pulsed 
surface  heating  temperature  rise  limit  estimated  to  be  of  the 
order  of  100  K.  The  interplay  between  maximum  surface 
electric  field,  maximum  surface  magnetic  field,  transverse- 
wakefield  suppression  and  RF-to-beam  efficiency  has  been 
studied  in  detail.  Several  structures  with  a  110  0  phase  ad¬ 
vance  and  rather  constant  peak  surface  electric  field  distri¬ 
butions  have  been  designed.  Different  damping-waveguide 
geometries  and  waveguide-to-cavity  couplings  are  com¬ 
pared. 

1  INTRODUCTION 

The  choice  of  an  average  loaded  gradient  of  150  MV/m 
for  the  CLIC  30  GHz  main  linac  accelerating  structure  and 
the  necessity  to  suppress  the  wakefields  result  in  large  sur¬ 
face  electric  fields  and  pulsed  surface  heating  temperatures. 
Minimizing  these  values  has  been  chosen  as  key  design 
criteria  based  on  experimental  observation  of  erosion  due 
to  RF  breakdown  [1]  and  calculation  and  observation  of 
cracking  due  to  pulsed  surface  heating  [2,  3]. 

In  our  previous  studies  [4],  a  27r/3-quasi-constant  gradi¬ 
ent  84-cell  copper  structure  called  XDS  (convex  Damped 
Structure)  was  designed  with  an  elliptical  cross-section  for 
the  cell-to-cell  irises.  For  a  given  iris  thickness  and  radius, 
such  a  profile  allowed  to  reduce  the  ratio  of  the  peak  sur¬ 
face  electric  field  to  the  accelerating  gradient  Epeak/Eacc . 
Heavy  damping  of  the  higher-order  modes  to  provide 
wakefields  suppression  was  achieved  by  coupling  each  cell 
to  a  set  of  four  identical  radial  T-cross  waveguides.  The 
convex  outer-wall  profile  of  the  cells  was  optimized  to  re¬ 
duce  the  ratio  of  the  peak  surface  magnetic  field  to  the  ac¬ 
celerating  gradient  Hpeak/Eacc( see  Figure  1  for  the  topol¬ 
ogy  of  the  cells).  The  maximum  unloaded  surface  electric 
field  decreased  from  400  MV/m  at  the  head  of  the  structure 
to  320  MV/m  at  the  end  whereas  the  maximum  unloaded 
temperature  rise  increased  from  120  K  to  154  K  (with  a  121 
ns  pulse  length  and  assuming  that  the  thermal  and  electrical 
conductivity  as  well  as  the  thermal  diffusivity  is  constant 
during  the  pulse  length).  These  values  present  a  substan- 

*  now  with  Paul  Scherrer  Institute,  CH-5232  Villigen  PSI,  Switzerland. 


tial  improvement  compared  to  the  one  of  an  older  design 
[5]  but  are  still  too  high  for  copper.  The  amplitude  of  the 
transverse  wakefields  at  the  second  bunch  was  also  too  high 
(90  V/pC/mm/m). 

To  reduce  further  the  peak  surface  electric  and  mag¬ 
netic  fields,  a  phase  advance  of  110  0  was  selected  along 
with  a  suitable  tapering  of  the  iris  thickness  and  radius. 
Several  geometries  of  the  damping  waveguide  and  of  the 
waveguide-to-cavity  coupling  were  jointly  studied  aiming 
at  rather  constant  unloaded  peak  electric  field  and  maxi¬ 
mum  temperature  rise  distributions  along  the  structure  as 
well  as  reduced  amplitudes  of  the  transverse  wakefields. 
The  main  outcome  of  these  studies  is  a  77-cell  struc¬ 
ture  with  a  peak  surface  unloaded  electric  field  of  about 
350  MV/m,  a  constant  pulsed  heating  temperature  rise  of 
about  120  K,  an  RF-to-beam  efficiency  of  24  %  and  an  am¬ 
plitude  of  the  transverse  wakefields  of  45  V/pC/mm/m  at 
the  second  bunch. 


Figure  1 :  Topology  of  the  XDSs  cell  and  damping  waveg¬ 
uides. 


2  SOME  DESIGN  CONSIDERATIONS 

The  parametric  studies  performed  on  constant- 
impedance  classical  accelerating  structures  (no  damping 
waveguides)  [6]  showed  that,  for  a  fixed  iris  radius  and 
thickness,  Epeak/ Eacc  is  reduced  when  the  phase  advance 
is  lowered.  However,  the  shunt  impedance  also  decreases, 
which  has  the  adverse  effect  of  reducing  the  RF-to-beam 
efficiency.  A  110  0  phase  advance  is  therefore  considered 
as  a  good  compromise  between  a  n/2  phase  advance, 
which  would  lead  to  a  structure  requiring  a  higher  input 
power,  and  the  27t/3  phase  advance  adopted  in  [4].  The 
110  0  phase  advance  is  also  advantageous  since,  for  an 
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iris  thickness  ranging  from  0.8  mm  to  0.55  mm  and  an 
iris  radius  varying  between  1.5  mm  and  2.0  mm,  the 
HPeak/Eacc  ratios  do  not  vary  too  much  from  their  27t/3 
phase  advance  values. 

Unlike  the  studies  reported  in  [4],  the  new  XDSs  have 
iris  thicknesses  that  are  kept  constant  or  decrease  linearly 
along  the  structure.  However,  the  iris  radius  is  still  tapered 
linearly  from  2.0  to  1.5  mm.  In  the  absence  of  damp¬ 
ing  waveguides,  Hpeak/Eacc  decreases  then  strongly  along 
the  structure.  The  waveguide-to-cell  couplings  can  there¬ 
fore  be  increased  along  the  structures  while  maintaining 
Hpeak/Eacc  within  acceptable  values.  Consequently,  the 
cell  Qs  of  the  lowest  dipole  band  also  decrease  along  the 
structure. 

3  DESIGN  STUDIES 

The  first  110  0  phase  advance  structure  (XDSa)  design 
has  a  cell-to-cell  iris  radius  varying  linearly  from  2.0  mm 
to  1.5  mm,  as  in  [4],  and  a  constant  iris  thickness  of  0.8 
mm.  The  cross-section  of  the  tip  of  the  irises  is  elliptical 
and  has  an  eccentricity  of  1 .8.  The  damping  T-cross  waveg¬ 
uides  are  dimensioned  so  that  the  cutoff  frequency  of  the 
first  propagating  mode  is  32.3  GHz,  above  the  29.985  GHz 
fundamental  but  below  all  the  higher  order  modes.  The 
waveguide-to-cell  coupling  irises  are  identical  all  along  the 
structure  and  are  3.0  mm  wide.  Epeak  /Eacc  varies  from 
2.21  for  the  first  cell  to  1.80  for  the  last  cell.  The  opti¬ 
mization  of  the  convex  outer-wall  shape,  a  combination  of 
straight  and  elliptical  sections,  gives  a  ratio  Hpeak/Eacc 
which  decreases  from  4.50  mA/V  to  4.21  mA/V  for  the 
first  and  last  cells,  respectively.  The  variation  of  Q,  R'/Q 
and  Vg/c  is  summarized  in  Table  1. 

Table  1:  Fundamental  mode  parameters  of  the  first,  middle 
and  last  cell  -  XDSa 


Q 

R'/Q  (kfi/m) 

Vg/C  (%) 

First  cell 

3387 

24.1 

7.66 

Middle  cell 

3342 

27.9 

5.24 

Last  cell 

3292 

32.1 

3.25 

The  unloaded  peak  surface  electric  fields  of  the  first  and 
last  cells  are  equal  when  the  structure  consists  of  65  cells 
whereas  the  unloaded  maximum  temperature  rises  are  sim¬ 
ilar  for  90  cells  (see  Figure  2).  The  variation  of  the  RF- 
to-beam  efficiency  with  the  number  of  cells  shows  a  max¬ 
imum  of  26  %  for  122  cells.  For  an  83-cell  structure,  the 
peak  surface  electric  field  decreases  from  349  (first  cell)  to 
316  MV/m  (last  cell),  the  pulsed  temperature  rise  increases 
from  121  to  130  K  and  the  RF-to-beam  efficiency  is  25 
%.  The  dipole  Qs  computed  with  GdifdL  [7]  for  the  low¬ 
est  dipole  band  are  53,  45  and  40  for  the  first,  middle  and 
last  cell,  respectively,  giving  an  amplitude  of  the  transverse 
wakes  at  the  second  bunch  of  65  V/pC/mm/m. 

To  improve  the  damping  of  the  transverse  dipole  modes, 
a  1 10  0  phase  advance  structure  (XDSb)  has  been  designed 
such  that  the  width  of  the  waveguide-to-cell  coupling  iris 
increases  from  3.0  mm  for  the  first  cell  to  3.2  mm  for  the 


Figure  2:  Unloaded  peak  surface  electric  field  and  maxi¬ 
mum  temperature  rises  for  the  first  (-  -)  and  last  cells  ( — ) 
vs.  number  of  cells  -  XDSa. 

last  one.  With  a  variation  of  the  iris  thickness  from  0.8  mm 
to  0.55  mm,  the  minimum  thickness  that  ensures  mechan¬ 
ical  rigidity,  the  ratio  Hpeak/Eacc  is  equal  to  4.17  mA/V 
for  the  last  cell,  slightly  lower  than  in  XDSa.  Epeak/Eacc 
of  the  last  cell  increases  to  2.00.  Due  to  the  tapering  of  the 
cell-to-cell  iris  thickness,  the  T-cross  damping  waveguides 
have  to  be  designed  for  each  cell.  The  dimensions  were 
chosen  so  that  the  cutoff  frequency  of  the  their  fundamen¬ 
tal  mode  is  32.3  GHz.  Table  2  shows  the  Q,  R'/Q  and  vg/c 
for  the  middle  and  last  cells,  the  first  cell  being  identical  to 
the  one  of  the  XDSa. 

Table  2:  Fundamental  mode  parameters  of  the  first,  middle 
and  last  cells  -  XDSb 


Q 

R'/Q  (kQ/m) 

Vg/C  {%) 

First  cell 

3387 

24.1 

7.66 

Middle  cell 

3379 

28.4 

5.61 

Last  cell 

3365 

33.2 

3.84 

Compared  with  the  XDSa,  the  slower  decrease  of  the  ra¬ 
tio  Epeak/Eacc  combined  with  a  similar  variation  of  the  ra¬ 
tio  Hpeak  / Eacc  presents  the  advantage  that  there  is  a  range 
of  number  of  cells  for  which  both  the  unloaded  peak  sur¬ 
face  electric  field  and  the  maximum  temperature  rise  are 
rather  constant  along  the  structure  (see  Figure  3).  For  an 
83-cell  structure,  the  peak  surface  electric  field  is  about 
355  MV/m  and  the  maximum  temperature  rise  is  122  K. 
The  RF-to-beam  efficiency  is  about  25  %  whereas  a  130- 
cell  structure  would  have  the  maximum  efficiency  of  27  %. 

Due  to  the  increase  of  the  waveguide-to-cell  iris  width, 
the  Qs  associated  with  the  lowest  dipole  band  are  now  31 
and  24  for  the  middle  and  last  cells.  The  amplitude  of  the 
transverse  Wakefields  at  the  second  bunch  is  reduced  to  58 
V/pC/mm/m. 

A  better  damping  of  the  transverse  dipole  modes  can  be 
achieved  by  increasing  further  the  coupling  between  the 
cells  and  their  damping  waveguides.  An  increase  of  the 
waveguide-to-cell  coupling  iris  width  would  however  lead 
to  higher  Hpeak/Eacc  ratios.  A  second  approach  consists 
in  suppressing  the  rounded  transition  between  the  coupling 
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Figure  3:  Unloaded  peak  surface  electric  field  and  maxi¬ 
mum  temperature  rises  for  the  first  (-  -)  and  last  cell  (— ) 
vs.  number  of  cells  -  XDSb. 

iris  and  the  waveguide.  A  structure  (XDSc)  based  on  this 
later  consideration  (see  Figure  4)  has  been  designed,  the 
variation  of  the  cell-to-cell  iris  thickness  and  of  the  width 
of  the  waveguide-to-cell-coupling  iris  along  the  structure 
being  the  same  than  for  the  XDSb. 


Figure  4:  Geometry  of  the  XDSc  first  cell  and  damping 
waveguide. 

With  a  more  realistic  copper  conductivity  of  5.51  x  106, 
a  reduction  of  5  %  compared  to  the  conductivity  used  in 
the  design  of  the  previous  structures,  the  ratios  Epeak  /Eacc 
are  2.20  and  1.95  for  the  first  and  last  cells  whereas 
Hpeak/Eacc  decreases  from  4.51  mA/V  to  4.10  mA/V.  The 
Q,  R'/Q  and  vg/c  for  the  first,  middle  and  last  cells  are 
presented  in  Table  3. 

Table  3:  Fundamental  mode  parameters  of  the  first,  middle 
and  last  cell  -  XDSc 


Q 

R'/Q  (kft/m) 

Vg/C  (%) 

First  cell 

3266 

24.0 

7.61 

Middle  cell 

3260 

28.4 

5.58 

Last  cell 

3252 

33.0 

3.83 

The  unloaded  and  loaded  accelerating  gradient  and  peak 
surface  electric  field  profiles  for  a  77-cell  structure  are 
shown  in  Figure  5.  The  distributions  of  the  peak  unloaded 
surface  electric  fields  and  temperature  rises  are  still  rather 
constant,  the  maxima  being  347  MV/m  and  122  K,  respec¬ 
tively.  The  RF-to-beam  efficiency  is  24  %  and  the  required 
input  power  per  section  is  125  MW. 

The  dipole  Qs  associated  with  the  lowest  dipole  band  are 
now  43, 27  and  21  for  the  first,  middle  and  last  cells,  and  the 


Figure  5:  Unloaded  (-  -)  and  loaded  ( — )  accelerating  gra¬ 
dients  and  peak  surface  electric  fields  -  XDSc. 

amplitude  of  the  transverse  wakefields  at  the  second  bunch 
is  45  V/pC/mm/m. 

The  computed  peak  surface  electric  fields  are  still 
above  the  tolerable  limit  for  copper  (of  the  order  of 
300  MV/m  [1])  but  seem  acceptable  for  molybdenum  [8]. 
The  design  of  a  new  structure  with  cell-to-cell  molybde¬ 
num  irises  shows  RF  performances  [9]  similar  to  the  one 
given  above.  The  high  pulsed  temperature  rises  are  still 
however  an  unresolved  issue. 
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MAIN  LINAC  EMITTANCE  GROWTH  AND  LUMINOSITY  IN  FUTURE 

LINEAR  COLLIDERS 

D.  Schulte,  CERN,  Geneva,  Switzerland 


Abstract 

Wakefield  and  dispersive  effects  in  the  main  linac  of  a 
future  linear  collider  can  strongly  affect  the  beam-beam  in¬ 
teraction  at  the  collision  point  [1].  For  a  static  situation, 
this  paper  investigates  the  luminosity  for  realistic  bunches 
in  the  case  of  the  TESLA,  NLC  and  CLIC  projects  assum¬ 
ing  different  degrees  of  collision  optimisation.  A  part  of 
this  work  was  performed  for  the  International  Linear  Col¬ 
lider  Technical  Review  Committee  [2]. 


INTRODUCTION 


Future  linear  colliders  require  very  small  beam  sizes  at 
the  interaction  point  (IP)  in  order  to  achieve  high  luminos¬ 
ity.  The  high  density  of  each  beam  at  collision  leads  to  the 
creation  of  a  strong  electro-magnetic  field  which  focuses 
the  oncoming  beam.  The  beam-beam  interaction  is  strong 
enough  to  actually  change  the  beam  size  during  the  colli¬ 
sion,  which  results  in  an  increase  of  the  luminosity  by  a  fac¬ 
tor  of  typically  1.5-2  compared  to  the  case  without  beam- 
beam  forces.  However,  the  deflection  of  the  beam  particles 
leads  to  the  emission  of  beamstrahlung,  which  is  similar  to 
synchrotron  radiation.  Many  of  the  electron-positron  col¬ 
lisions  will  thus  take  place  with  a  centre-of-mass  energy 
lower  than  the  nominal  value.  To  minimise  this  effect  but 
still  obtain  high  luminosity  flat  beams  are  used  in  which 
the  horizontal  RMS  beam  size  ax  is  much  larger  than  the 
vertical  ay,  see  the  parameters  in  Table  1. 

The  strength  of  the  beam-beam  interaction  can  be  con¬ 
veniently  described  using  the  disruption  parameters  Dx  y: 


D  =  2Nr&(Jz 

X'V  7  <7x,y(<7x  +  <?y) 


Here,  N  is  the  number  of  particles  per  bunch,  crz  the  RMS 
bunch  length  and  re  the  classical  electron  radius.  For  large 
D  the  beam-beam  effects  are  important  while  for  D  1 
the  each  beam  acts  as  a  thin  lens.  In  the  proposed  machines 
one  finds  Dx  C  1  and  Dy  »  1,  so  we  will  concentrate  on 
the  vertical  plane. 

For  large  D,  it  has  been  found  that  taking  into  account 
the  full  6-dimensional  correlation  of  the  beam  distribution 
for  the  simulation  of  the  beam-beam  collision  is  very  im¬ 
portant  [1].  In  the  case  of  TESLA  (with  an  older  parameter 
set)  a  very  small  emittance  increase  of  about  1%  could  lead 
to  20%  luminosity  reduction,  if  the  beam-beam  collision  is 
not  optimised. 

In  the  following,  the  possibility  to  restore  the  luminosity 
by  optimising  collision  offset  and  angle  of  the  two  beams  is 


investigated.  Also  the  effect  on  the  beamstrahlung  is  con¬ 
sidered.  Since  in  many  physics  experiments  only  the  frac¬ 
tion  of  the  luminosity  with  a  centre-of-mass  energy  close 
to  the  nominal  value  Ecrrii 0  is  of  interest,  the  luminosity 
Epeak*  which  contains  all  collisions  with  A Ecm/Ecmj0  < 
0.01  is  introduced  as  a  figure  of  merit.  Of  particular  inter¬ 
est  are  TESLA  because  of  its  high  disruption  parameter  and 
CLIC  at  Ecm  =  3  TeV  because  in  this  machine  the  beam- 
beam  effect  is  so  strong  that  many  particles  loose  the  major 
part  of  their  energy  through  beamstrahlung  and  hence  ex¬ 
perience  a  much  larger  effective  disruption  than  indicated 
in  table  1. 

SIMULATION  PROCEDURE 

All  projects  foresee  a  certain  budget  for  the  emittance 
growth  due  to  imperfections  from  the  damping  ring  to  the 
IP  (from  the  beginning  of  the  linac  to  its  end,  in  case  of 
CLIC).  As  a  simplification,  it  is  assumed  in  the  follow¬ 
ing  that  all  emittance  growth  is  due  to  the  main  linac. 
Relatively  complex  beam-based  alignment  techniques  are 
foreseen  to  minimise  this  effect.  In  the  simulation  we 
replace  these  techniques  by  a  simple  one-to-one  steering 
and  scale  the  imperfections  such  that  we  achieve  an  aver- 


Table  1 :  Some  beam  parameters  at  the  interaction  point  of 
the  different  machines.  In  the  case  of  CLIC  the  transverse 
sizes  are  obtained  by  fits,  since  the  beam  distribution  is  not 
very  Gaussian.  The  beam  consists  of  trains  of  bunches, 
which  are  delivered  with  a  repetition  frequency  fr.  In  case 
of  NLC  and  CLIC  the  luminosities  L o  differ  slightly  from 
those  in  [2]  because  the  latter  allow  for  some  other  effects. 
The  disruption  parameters  Dx  and  Dy  are  calculated  using 
the  nominal  emittance  at  the  IP,  these  are  in  case  that  the 
emittance  growth  is  completely  uncorrelated. _ 


unit 

TESLA 

NLC 

CLIC 

CLIC 

N 

20 

7.5 

4 

4 

°z 

[/H 

300 

110 

35 

35 

Ox 

H 

554 

243 

204 

60 

(jy 

W 

5.0 

3.0 

1.2 

0.7 

E 

[GeV] 

250 

250 

250 

1500 

fr 

[Hz] 

5 

120 

200 

100 

rib 

2820 

195 

154 

154 

Co 

[1034m— 

3.4 

2.1 

2.3 

8.0 

Pb 

MW 

11.3 

7.0 

4.9 

7.4 

Dx 

0.22 

0.16 

0.04 

0.07 

Dy 

24.8 

12.8 

6.6 

6.3 
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Table  2:  The  emittances  used  (initial  and  final  in  the  verti¬ 
cal  plane)  and  the  misalignments  used  to  mimic  the  static 
errors  of  the  machines.  After  application  of  the  errors  only 
a  one-to-one  correction  was  performed.  If  more  sophis¬ 
ticated  beam-based  alignment  schemes  were  used,  much 
larger  errors  would  be  permitted. 


unit 

TESLA 

NLC 

CLIC 

CLIC 

w 

10 

3.6 

2 

0.68 

H 

20/30 

20/40 

5/10 

5/10 

&BPM 

[yum] 

25 

5.0 

0.72 

0.4 

&cav 

[/imj 

500 

12.5 

8.0 

4.5 

/ 

° cav 

[  //rad] 

300 

100 

8.0 

4.5  „ 

Table  3:  Luminosities  found  for  all  machines,  before  cor¬ 
rection  {C\),  after  offset  optimisation  (C0fj)  and  after  fur- 
ther  angle  optimisation  ( Cangie ). _ 


unit 

TESLA 

NLC 

CLIC 

CLIC 

£o 

[1034m-2s-1] 

3.4 

2.1 

2.3 

8.0 

Cl 

[lO^m-V-1] 

2.2 

1.8 

2.2 

7.4 

Coff 

[1034m-2s-1] 

2.5 

2.1 

2.5 

7.9 

r 

ang 

[1034m_2s_1] 

3.3 

2.2 

2.6 

8.1 

age  emittance  growth  equivalent  to  the  budget.  The  rela¬ 
tive  sizes  of  the  imperfections — misalignment  of  the  beam- 
position  monitors  (BPMs)  and  the  structures  and  tilt  of  the 
structures — are  chosen  to  represent  the  performance  of  the 
more  complex  alignment  algorithm.  Table  2  lists  the  ini¬ 
tial  and  final  emittances  and  the  alignment  errors  used.  It 
should  be  noted  that  the  emittance  varies  from  machine  to 
machine  and  that  only  the  average  of  the  machines  simu¬ 
lated  is  consistent  with  the  budget. 

The  emittance  growth  in  the  main  linac  is  simulated  us¬ 
ing  PLACET  [3].  Then  the  mean  beam  angle  and  offset 
are  corrected  before  the  beam  is  transported  through  the 
beam  delivery  system,  also  using  PLACET  A  number  of 
machines  with  different  seeds  for  the  random  number  gen¬ 
erators  are  simulated  and  their  angle  and  offset  at  the  IP  are 
corrected.  Pairs  of  these  beams  are  fed  into  the  beam-beam 
simulation  code  GUINEA-PIG  [4], 

In  the  optimisation,  first  the  relative  offset  of  the  two 
colliding  beam  is  varied  as  to  maximise  luminosity.  Then 
the  vertical  crossing  angle  is  modified,  this  certainly  can 
change  the  projected  emittance.  Several  options  exist  to 
achieve  such  a  modification;  here  we  just  modify  position 
and  crossing  angle  at  the  IP  without  worrying  about  the 
actual  implementation. 

Since  the  beam-beam  collision  is  not  very  stable,  in  par¬ 
ticular  in  the  case  of  TESLA,  the  convergence  of  the  beam- 
beam  simulation  has  to  be  carefully  checked,  details  can  be 
found  in  [5]. 

AVERAGE  TOTAL  LUMINOSITY 

The  luminosities  found  in  the  simulation  are  compared 
to  the  target  values  in  table  3.  In  case  of  NLC  and  CLIC 


Figure  1:  The  luminosity  as  a  function  of  the  emittance  at 
the  end  of  the  linac  in  the  case  of  TESLA.  For  comparison, 
the  expected  luminosity  using  the  simple  scaling  C  oc  y/e^ 
is  also  shown. 

the  achieved  values  are  not  far  from  the  goal  even  without 
performing  an  offset  and  angle  optimisation.  In  the  case 
of  TESLA  the  optimisation  is  essential.  In  all  cases  the 
achieved  luminosity  is  consistent  with  the  design  value.  A 
second  iteration  of  the  very  simplistic  optimisation  proce¬ 
dure  leads  to  a  very  small  further  improvement.  The  two 
parameters  offset  and  angle  seem  thus  quite  orthogonal. 

In  TESLA  it  was  foreseen  to  longitudinally  move  the 
beam  waist  slightly  before  the  collision  point,  since  this 
yields  higher  luminosity  [6].  A  further  optimisation  was 
therefore  attempted  for  TESLA.  First  the  waists  of  both 
beams  were  longitudinally  moved  in  a  symmetric  fash¬ 
ion,  then  in  an  asymmetric  way.  The  improvement  was 
tiny,  about  2%,  without  correlation  it  raised  the  luminos¬ 
ity  by  about  15%  from  3.0  x  1034  cm“2s_1  to  3.4  x 
1034  cm~2s_1  It  remains  to  be  investigated  if  a  better  pro¬ 
cedure  could  yield  better  performance. 

One  can  conclude  that  all  projects  can  on  average  about 
achieve  the  target  luminosity  if  the  design  emittance  goal 
can  be  met.  Within  limits,  the  emittance  can  serve  as 
a  reasonable  measure  to  predict  the  luminosity  after  per¬ 
forming  the  optimisation.  This  is  exemplified  is  Fig.  1, 
which  shows  the  luminosity  in  the  most  interesting  case 
of  TESLA  as  a  function  of  the  emittance  at  the  IP.  Before 
optimisation,  a  small  growth  leads  to  large  reduction  in  lu¬ 
minosity.  After  full  optimisation  the  luminosity  seems  to 
scale  as  C  oc  y/e y  l. 

MACHINE-TO-MACHINE  VARIATIONS 

The  luminosity  of  an  individual  beam-beam  collision  can 
be  predicted  from  the  emittances  of  the  two  beams  with  a 
limited  precision.  The  dependence  C  oc  1/y/e^J  +  eVi2  is 
only  approximately  valid,  see  Fig.  2  for  TESLA.  Here  the 
actual  distribution  needs  to  be  taken  into  account. 

The  realistic  beam  distributions  not  only  affects  the  to- 

!It  should  be  noted  that  for  larger  variations  of  the  vertical  emittance 
the  beam-beam  interaction  is  also  affected  and  the  simple  C  oc  y/e£  does 
not  hold  true,  this  is  indepenent  of  whether  the  correlations  are  taken  into 
account  or  not. 
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Figure  2:  The  luminosity  of  the  individual  collisions 
as  a  function  of  the  sum  of  the  two  vertical  emittances 
(TESLA). 


AGy/Ey 


Figure  3:  RMS-fluctuations  of  the  luminosity  as  a  function 
of  the  emittance  growth  in  the  main  linac  for  TESLA,  NLC 
and  CLIC  (at  Ecm  —  3  TeV),  respectively. 


tal  luminosity  but  also  the  amount  of  beamstrahlung  radi¬ 
ated  by  the  beams  and  thus  the  luminosity  spectrum.  If  two 
beams  collide  with  a  small  vertical  offset  they  emit  more 
beamstrahlung.  In  the  case  of  realistic  beams,  fractions  of 
them  will  actually  collide  with  an  offset  which  might  yield 
more  beamstrahlung  and  affect  the  luminosity  Cpeak  close 
to  the  nominal  centre-of-mass  energy. 

Above,  the  alignment  errors  in  the  main  linac  were  cho¬ 
sen  to  yield  an  average  emittance  growth  equal  to  the  bud¬ 
get.  In  the  following,  the  sizes  of  these  errors  are  deter¬ 
mined  for  each  individual  machine  to  yield  exactly  the  tar¬ 
get  emittance.  This  allows  to  determine  the  RMS  fluctu¬ 
ation  of  the  luminosity  for  machines  with  the  same  emit¬ 
tance. 

For  the  average  total  luminosity  the  results  are  similar  to 
the  previous  ones,  the  emittance  budgets  are  consistent  with 
the  target  luminosities.  The  change  of  the  ratio  Cpeak/Ctot 
due  to  the  emittance  growth  is  small,  less  than  1%  in  all 
machines.  But,  as  can  be  seen  in  Fig.  3,  the  RMS  luminos¬ 
ity  variations  of  the  individual  machines  increases  with  the 
emittance  growth;  in  the  case  of  CLIC  at  Ecm  =  3  TeV  the 
beamstrahlung  adds  significantly  to  the  variations  of  Cpeak • 

CONCLUSION 

In  the  strong  beam-beam  interaction  regime  a  very  small 
emittance  increase  can  lead  to  a  large  luminosity  reduction. 
It  has  been  shown  that  this  strong  reduction  can  be  cured 
by  optimising  the  collision  offset  and  angle.  This  requires 
a  luminosity  monitor  and  sufficiently  stable  beam  condi¬ 
tions.  In  this  case  one  can  first  optimise  the  collision  offset 
and  then  the  angle  to  recover  most  of  the  lost  luminosity. 
Dynamic  imperfections  may  be  too  fast  to  allow  the  use 
of  a  luminosity  monitor  and  can  therefore  stay  problem¬ 
atic,  see  also  [7].  After  optimisation,  the  ratio  of  the  lumi¬ 
nosity  close  the  nominal  centre-of-mass  energy  to  the  total 
one  Cpeak /Ctot  does  on  average  not  depend  strongly  on  the 
correlated  emittance  growth,  but  the  RMS  fluctuation  from 
machine  to  machine  do. 
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Abstract 

Two  2x7-cell  Nb  superstructures  have  been  tested  with 
beam  during  the  last  TESLA  Test  Facility  (TTF)  linac  run 
in  summer  2002.  The  structures  have  been  operated  at  2 
K  in  the  standard  TTF  cryomodule  and  have  been  installed 
in  the  linac  after  the  injector.  We  report  on  the  bunch-to- 
bunch  energy  stability  test  which  showed  that  energy  stored 
in  the  superstructure  could  be  refilled  in  the  time  between 
two  passing  bunches.  The  goal  to  keep  the  bunch-to-bunch 
energy  stability  below  5  •  10-4  has  been  achieved. 

INTRODUCTION 

An  alternative  layout  of  the  TESLA  linear  collider  [1, 
2,  3],  is  based  on  weakly  coupled  multi-cell  superconduct¬ 
ing  structures,  called  the  superstructures  (SST).  The  weak 
coupling  of  0.04%  between  the  multi-cell  structures,  the 
subunits,  is  achieved  by  connecting  the  cavities  with  A/2 
tubes.  This  has  two  advantages:  it  reduces  significantly  the 
investment  cost  due  to  a  simplification  the  RF  system  and 
secondly  increases  the  filling  factor  of  the  main  accelera¬ 
tor.  The  fundamental  power  coupler  (FPC)  supplying  the 
entire  chain  of  subunits  with  1 .3  GHz  RF  is  mounted  at  one 
end  of  the  SST.  The  energy  flow  through  the  superstructure 
is  controlled  by  means  of  cold  tuners  allowing  to  balance 
the  stored  energy  and  thus  the  accelerating  gradient  in  each 
subunit.  Unlike  a  standard  multi-cell  cavity,  the  accelerat¬ 
ing  mode  in  a  SST  is  the  7T-0  mode  -  7r  cell-to-cell  phase 
advance  and  0  subunit-to-subunit  phase  advance  -  which 
is  below  cut-off  in  the  interconnecting  tubes.  This  allows 
to  attach  higher  order  mode  (HOM)  couplers  at  the  inter¬ 
connection,  in  the  middle  of  the  multi-cell  structure.  In  this 
way,  good  damping  of  parasitic  modes  can  be  maintained, 
avoiding  extensive  heating  of  the  HOM  couplers. 


Figure  1 :  Scheme  of  a  2x7-cell  Nb  superstructures. 

After  several  RF  test  on  warm  copper  models  of  the  super¬ 
structure  [3]  the  next  step  was  to  study  the  performance  of 
niobium  SST’s  at  2  K  with  beam.  In  summer  2002,  two 
2x7-cell  superstructures,  sketched  in  Fig.  1,  have  been  in- 
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stalled  in  the  TESLA  Test  Facility  linac  to  address  the  fol¬ 
lowing  questions: 

•  balancing  the  acceleration  field  in  subunits, 

•  damping  of  the  higher  order  modes, 

•  achievable  energy  stability  of  the  electron  beam. 

In  this  paper,  we  adress  the  third  item  the  refilling  process 
in  cavities  with  high  beam  loading.  A  detailed  description 
of  the  mechanical  layout,  the  cavity  tuning,  and  the  HOM 
damping  in  a  superstructure  can  be  found  elsewhere  [4, 5]. 
Numerical  simulations  of  the  transient  state  and  the  bunch- 
to-bunch  energy  spread  predict  that  there  is  enough  time 
to  refill  the  cells  energy  before  the  next  bunch  arrives. 
The  computed  bunch-to-bunch  energy  deviation  for  a  2x7- 
cell  and  a  2  x  9-cell  (preferred  design  in  TESLA  TDR)  are 
shown  in  Fig.  2.  For  all  bunches  in  the  train  the  computed 

IE-4  ,  . . . . . - - - - 


0  1000  2000  3000 
Bunch  index 


Figure  2:  Computed  energy  deviation  for  the  TESLA 
beam: 2820  bunches,  3.2  nC/bunch,  spacing  337  ns. 

variation  for  both  versions  of  the  SST  was  very  small,  less 
than  ±5  ■  10~5.  The  difference  in  shape  of  the  two  curves 
is  due  to  the  different  mode  beating. 

EXPERIMENTAL  SETUP 

The  TTF  photo  injector  is  based  on  a  normal  conduct¬ 
ing  laser  driven  L-band  RF  gun  and  a  single  superconduct¬ 
ing  9-cell  cavity  boosting  the  beam  energy  to  15.3  Me V. 
The  beam  is  then  accelerated  by  two  acceleration  mod¬ 
ules.  High  resolution  energy  spectrometer  are  situated  at 
the  injector  and  the  end  of  the  linac  (see  Fig.  3).  For 
this  experiment,  two  2  x  7-cell  superstructures  (SST-1  and 
SST-2)  have  been  installed  after  the  photo-injector.  They 
have  an  active  length  of  3.26  m.  Unfortunately,  the  sec¬ 
ond  accleration  module  with  eight  standard  9-cell  super- 
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conducting  cavities  has  been  installed  after  the  superstruc¬ 
tures  but  before  the  spectrometer.  For  the  energy  stability 
measurements,  the  SST’s  have  been  operated  at  a  gradient 
of  14.3  MV/m,  while  the  cavities  in  the  second  cryomodule 
were  detuned  to  reduce  the  their  influence.  This  results  in  a 
total  energy  Etot  of  62  MeV  at  end  of  the  linac.  The  bunch 
spacing  was  1  /x s  to  meet  the  highest  possible  data  aquisi- 
tion  rate  of  the  front-end  electronics  allowing  to  sample  pa¬ 
rameters  for  each  bunch  in  a  pulse  train.  Bunch  charges  of 
typically  4  nC  (nominal  8  nC)  and  beam  durations  between 
530  ^s  and  760  /xs  (nominal  800  /xs)  at  1  Hz  repetition  rate 
have  been  chosen  to  achieve  the  required  operation  stability 
for  this  experiment. 


16  MeV 


T 

40-80  MeV 
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Figure  3:  Scheme  of  TTF  linac  for  the  SST  test. 


MEASUREMENT  OF  FIELD  PROBES 

A  flat  energy  distribution  of  the  bunches  in  a  macro¬ 
pulse  train  does  not  necessarily  proof  a  proper  refilling  of 
the  weakly  coupled  subunit.  A  reduced  gradient  in  one  sub¬ 
unit  may  have  been  compensated  by  overfilling  the  other. 
This  would  have  been  possible,  since  the  low  level  RF  sys¬ 
tem  (LLRF)  controlles  the  phase  and  amplitude  of  the  vec¬ 
tors  sum  of  all  cavities  and  not  of  each  cavity  individually. 
Using  the  signals  of  all  four  field  probe  (PI  -P4  in  Fig.  1 )  the 
gradients  can  be  monitored  at  the  entrance  and  the  exit  celss 
of  both  cavities.  An  example  recorded  with  4  mA  beam 
current  and  530  /xs  pulse  duration  is  shown  in  Fig.  4.  With¬ 
out  the  energy  refilling  the  beam  would  take  almost  70% 
of  the  energy  stored  in  cells  and  the  voltage  would  drop  by 
45%.  No  such  phenomenon  was  observed.  All  probes  show 
noise  fluctuations  mainly  caused  by  the  down-converters  of 


Figure  4:  Signals  from  field  probes  P1-P4  measured  during 
acceleration  of  530  bunches  (1  =  4  mA,  g =14.3  MV/m). 

the  LLRF-system  (250  kHz  oscillations). 


BEAM  ENERGY  STABILITY 

The  TTF  linac  layout  does  not  provide  the  possibility 
to  measure  the  beam  energy  spread  before  and  behind  the 
SST  simultanously.  Therefore  the  energy  stability  of  the 
beam  exiting  the  injector  had  to  be  carefully  studied.  The 
goal  was  to  measure  bunch  to  bunch  energy  variations  with 
a  resolution  well  below  0.01%.  It  was  also  necessary  to 
examine  effects  of  the  second  acceleration  module  even 
through  their  cavities  have  been  detuned. 

Energy  jitter  from  the  photo-injector 

Because  the  energy  gain  in  the  SST  is  set  to  be  47  MeV 
only,  phase  and  amplitude  jitter  of  the  laser,  the  RF  gun  or 
the  booster  cavitiy  might  seriously  spoil  the  energy  mea¬ 
surement  for  the  SST.  After  tuning  the  injector  parameters 
properly,  a  beam  energy  spread  of  0.09%  during  a  time  pe¬ 
riod  of  30  min  has  been  achieved.  The  bunch  to  bunch  en¬ 
ergy  variation  for  100  macro-pulses  are  plotted  in  Fig.  5. 
The  energy  EiiTn  of  the  ith  bunch  in  the  mth  train  can  be 


Figure  5:  Left:  Injector  bunch-to-bunch  energy  variation  of 
100  macro-pulses  (color  curved).  Right:  Energy  spread  of 
for  all  bunches  (E  =  15.3  MeV). 

decomposed  as 

Eifrn  Einj  -J-  AEm  +  A Ecorr{  -f-  8EijTn  (1) 

with  Einj  the  average  energy  of  all  bunches,  A Em  the  en¬ 
ergy  deviation  of  the  rrtth  macro-pulse  train,  A Ecorr^  the 
energy  time  correlation  common  in  all  macro-pulses  (black 
curve  in  Fig.  5)  and  5Ei%m  a  residual  fast  bunch-to-bunch 
energy  jitter.  Only  the  later  contribution  is  critical  for  our 
purpose.  The  rms  widths  of  8Ei)7n  amounts  to  6.7  keV  (see 
Tab.l)  and  sets  the  lower  limit  on  the  aE/Etot  measure¬ 
ment  at  the  end  of  the  linac  to  1.1  *  10-4. 

Accuracy  of  the  energy  measurement 

The  energy  variation  of  the  bunches  is  calculated  by 
means  of  two  strip-line  BPMs  upstream  the  spectrometer 
dipole  to  correct  for  the  incoming  orbit  jitter  (see  Fig.3) 
and  BPM3  located  in  the  spectrometer  line  with  large  dis¬ 
persion  (r]x  =  —1.48  m).  All  BPMs  have  been  calibrated 
by  steering  the  transverse  position  of  the  beam  in  the  BPMs 
with  well  known  dipole  corrector.  The  control  software 
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calculates  online  the  energy  of  all  bunches  in  the  entire 
bunch  train  and  compensates  for  the  non-linear  response  of 
the  BPMs  for  large  beam  offsets  [8].  The  accuracy  of  the 
BPMs  has  been  determined  to  be  60  fim  rms  [9]  resulting  in 
a  relative  energy  resolution  of  aE,res/Etot  =  1.2  •  10~4. 

Influence  of  the  second  accleration  module 


Figure  6:  Energy  deviation  along  a  pulse  train  measured  in 
the  spectrometer  (J  =  3.8mA,  t  =  530/zs). 

Fig.  6  shows  typical  energy  distributions  of  pulse  trains 
recorded  in  30  minutes.  The  overall  energy  spread  of  the 
beam  amounts  to  0.2%.  The  contributions  split  according 
to  Eq.  1  are  listed  in  Tab.  1.  The  dominating  contribu¬ 
tion  of  the  energy  spread  comes  from  the  macro-pulse  to 
macro-pulse  energy  jitter.  Unlike  the  smooth  energy  dis¬ 
tribution  observed  in  the  injector,  very  fast  oscillations  are 
superimposed  to  slow  low  frequency  drifts  across  the  pulse 
trains.  A  careful  analysis  of  the  energy  spectrum  obtained 
by  fourier,  shown  in  Fig.  7,  states  that  the  largest  part  of 
the  fast  oscillations  are  induced  by  the  eight  detuned  cavity. 
The  resonance  at  250  kHz  is  identified  as  an  uncompleted 
removal  of  the  down-converter  noise  perturbing  the  LLRF- 
regulation.  A  couple  of  other  smaller  resonances  are  related 
to  the  feedback  gain  of  the  LLRF  feedback  loop.  Some  of 
the  resonances  are  strongly  enhanced  if  high  gains  between 
50  and  100  are  adjusted.  This  increases  the  energy  spread 
within  the  macro-pulse  but  reduce  the  energy  jitter  from 
pulse  train  to  pulse  train.  The  presented  data  are  taken  at  a 
loop  gain  of  30  (small).  If  the  influence  of  2nd  acc.  mod¬ 
ule  is  removed  by  using  an  approximation  depicted  by  the 
dashed  lines  in  Fig.  7,  a  relative  rms  energy  spread  within 
the  1800  macro-pulses  of  4.2- 10”4  is  calculated.  If  only 
100  macro-pulses  with  the  smallest  drifts  are  taken  into  ac- 


Table  1:  Contributions  of  energy  spread  at  the  injec¬ 
tor  ( Einj  =15.3  MeV)  and  at  the  end  of  the  linac 
(Etot  =61.5  Me  V) 


cr(A£’m) 

a  (A  Ecorrj) 

cr(8Emj) 

&E 

inj 

10.1  keV 

5.5  keV 

6.7  keV 

13.4  keV 

tot 

122.9  keV 

32.9  keV 

25.4  keV 

130  keV 

count  one  finds  2.2-10  4  as  the  lowest  achieved  value  for 
the  intra  macro-pulse  energy  deviation  of  the  bunches. 


Figure  7:  Spectrum  of  the  energy  modulation. 


SUMMARY 

In  this  experiment  with  2  x  7-cell  superstructures  we 
achieved  a  bunch-to-bunch  energy  stability  in  macro-pulses 
of  0.064%  for  more  than  30  minutes.  Significant  influ¬ 
ences  of  the  second  acceleration  module  and  the  LLRF 
on  the  measurement  have  been  found,  while  investigation 
on  the  incoming  energy  jitter  from  the  injector  states  that 
these  influences  can  be  neglected.  The  upper  limit  for 
the  bunch-to-bunch  energy  deviation  caused  by  the  cavi¬ 
ties  of  the  superstructures  only  has  been  estimated  to  be 
<y e/E  =  2.2  •  10"4,  well  below  the  TESLA  specification 
of  0.05%. 
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Abstract 

The  tolerances  on  the  beams  as  they  collide  at  the  in¬ 
teraction  point  of  the  TESLA  linear  collider  are  very  tight 
due  to  the  nano-metre  scale  final  vertical  bunch  spot  sizes. 
Ground  motion  causes  the  beam  to  increase  in  emittance 
and  drift  out  of  collision  leading  to  dramatic  degradation 
of  luminosity  performance.  To  combat  this,  both  slow 
orbit  and  fast  intra-train  feedback  systems  will  be  used. 
The  design  of  these  feedback  systems  depends  critically 
on  how  component  misalignment  effects  the  beam  through¬ 
out  the  whole  accelerator.  A  simulation  has  been  set  up  to 
study  in  detail  the  accelerator  performance  under  such  con¬ 
ditions  by  merging  the  codes  of  PLACET,  MERLIN  and 
GUINEA-PIG,  together  with  Simulink  code  to  model  feed¬ 
back  systems,  all  under  a  Matlab  environment. 

INTRODUCTION 

All  of  the  proposals  for  the  future  Linear  Collider 
(LC)  require  similarly  challenging  final  beam  spot  sizes: 
TESLA  [1]  5nm,  NLC/JLC  [2]  2.7nm  and  CLIC  [3]  lnm, 
are  the  proposed  vertical  bunch  spot  sizes  at  the  IP.  This 
places  very  rigorous  stability  requirements  on  all  three  de¬ 
signs.  The  most  severe  tolerance  is  for  the  final  focusing 
quadrupole  magnets.  To  keep  the  luminosity  loss  to  within 
a  few  percent  at  TESLA,  the  beams  need  to  be  kept  in  col¬ 
lision  to  within  about  10%  of  the  vertical  beam  spot  size. 
This  implies  a  tolerance  on  the  final  quadrupoles  of  0.  lnm. 
The  limiting  factor  for  stability  along  the  beamline  of 
TESLA  is  that  of  ground  motion.  There  has  been  a  consid¬ 
erable  effort  undertaken  into  the  study  of  the  magnitudes 
and  effects  of  ground  motion  at  different  possible  sites  for 
the  LC  which  are  covered  in  detail  elsewhere[4].  If  un¬ 
corrected,  ground  motion  causes  a  total  loss  of  luminosity 
within  seconds  through  beam  misalignment  and  emittance 
growth[4].  To  combat  this,  a  program  of  passive  and  ac¬ 
tive  support  systems  to  stabilise  the  beamline  elements,  to¬ 
gether  with  different  levels  of  beam-based  feedback  sys¬ 
tems,  is  being  pursued. 

Three  levels  of  beam-based  feedback  system  are  being 
developed.  A  slow  orbit  correction  feedback  will  adjust 
the  beam  trajectory  periodically  to  compensate  for  low  fre¬ 
quency  ground  motion.  An  inter-pulse  feedback  acts  in  a 
few  locations  to  correct  accumulated  errors  that  occur  in 
between  the  action  of  the  slow  system,  and  also  to  pro¬ 
vide  the  possibility  of  straightening  the  beam.  Finally,  a 
fast  intra-train  feedback  system  acting  at  the  IP  keeps  the 
beam  in  alignment,  correcting  for  high  frequency  cultural 
ground  motion  moving  the  final  quadrupoles.  For  TESLA, 
a  second  intra-train  system  will  be  used  further  upstream  to 
additionally  remove  any  incoming  angle  jitter  which  also 


leads  to  a  loss  in  luminosity.  Fig.  la  shows  the  results  of 
a  GUINEA-PIG  [6]  simulation  of  the  expected  luminosity 
loss  for  gaussian  bunches  as  a  function  of  vertical  beam 
offset  at  the  IP. 

BEAM  SIMULATIONS  INCORPORATING 
FAST-FEEDBACK  SYSTEMS 

The  fast  feedback  systems  are  designed  to  remove  beam 
jitter  that  occurs  at  frequencies  comparable  with  the  repeti¬ 
tion  rate  of  the  machine  by  measuring  the  first  few  bunches 
in  the  train  and  correcting  the  following  bunches  within 
that  train.  The  bunch  stmcture  thus  dictates  the  operat¬ 
ing  requirements  for  the  system.  For  NLC/CLIC  designs 
there  are  192/154  bunches  per  train  separated  by  1. 4/0.7 
ns.  TESLA  will  have  2820  bunches  separated  by  337  ns. 
The  NLC/CLIC  case  requires  a  much  more  aggressive  de¬ 
sign  requiring,  at  present,  a  purely  analogue  electronic  ap¬ 
proach.  The  TESLA  scheme  allows  for  a  more  complex 
digital  based  algorithm  to  be  employed.  Simulations  of  the 
fast  feedback  systems  are  written  in  the  Matlab/Simulink 
environment.  The  feedback  system  for  TESLA  is  imple¬ 
mented  as  per  the  TESLA  TDR  [5].  This  consists  of  an  IP 
feedback  operating  within  the  TESLA  interaction  region, 
consisting  of  a  BPM  approximately  3m  downstream  of  the 
IP  and  a  fast  stripline  kicker  downstream  of  the  final  fo¬ 
cusing  quadrupole  doublet.  The  system  relies  on  the  beam- 
beam  kick  behaviour  shown  in  fig.  lb,  where  the  nm  scale 
offsets  give  rise  to  a  large  angular  kick  leading  to  a  measur¬ 
able  BPM  signal  of  many  (ims.  TESLA  also  requires  a  fast 
angle  feedback  system  to  counter  incoming  angle  jitter  at 
the  IP.  The  system  uses  fast  stripline  kickers  placed  at  the  IP 
phase  850m  upstream  of  the  IP  to  cancel  the  orbit  offset  in 
a  BPM  450m  downstream  with  a  90°  phase  advance.  Three 
kickers  are  used  to  give  a  maximum  correction  of  10 oy  at 
the  IP  to  the  0.1  oy  level  assuming  a  BPM  resolution  of 
2  (im. 

SIMULATION  OF  THE  TESLA  FAST 
FEEDBACK  SYSTEM 

For  TESLA,  a  simulation  has  been  put  together  under 
Matlab  of  the  TESLA  collider  from  the  exit  of  the  damping 
rings  through  to  the  IP,  including  the  beam-beam  interac¬ 
tion  and  the  fast  feedback  systems.  This  brings  together  the 
codes  of  PLACET  [7],  MERLIN  [8]  and  GUINEA-PIG  to¬ 
gether  with  the  purpose  written  feedback  code.  This  allows 
the  effect  of  ‘banana*  bunches  caused  by  short-range  wake- 
field  effects  in  the  accelerating  structures  to  be  accounted 
for.  This  has  been  found  to  be  an  important  effect-  the  ver¬ 
tical  emmitance  growth  of  just  1-2%  naively  would  give  a 
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Figure  1:  (a)Luminosity  loss  as  a  function  of  vertical  beam  offset  with  gaussian  beams  for  TESLA,  NLC  and  CLIC. 
(b)The  beam-beam  kick  angle  as  a  function  of  beam  offset. 


luminosity  loss  of  just  a  few  perscent.  However,  due  to  the 
strong  beam-beam  effect,  simulations  with  GUINEA-PIG 
have  shown  that  the  banana  bunch  effect  can  lead  to  a  much 
larger  degradation  in  luminosity,  factors  of  2-3  down  on  the 
nominal  luminosity  have  been  simulated  [9].  In  addition  to 
a  large  drop  in  luminosity,  the  beam-beam  dynamics  are 
also  altered  with  the  banana  shaped  bunches.  Fig.  2  shows 
the  expected  luminosity  of  colliding  2  ‘banana’  bunches 
with  offsets  in  y  and  y’  in  the  [-2  :  2]ay^  range.  With 
gaussian  beams,  the  optimal  collision  parameter  is  with  a 
zero  y,  y’  offset.  With  the  banana  bunches  this  changes, 
so  that  a  non-zero  offset  is  now  optimal.  The  blue  region 
shaded  in  fig.  2  shows  where  the  feedback  system  will  settle 
by  default.  The  angle  system  still  settles  at  zero,  but  the  IP 
feedback  system  will  settle  with  a  small  non-zero  y  offset 
which,  desirably,  is  always  slightly  in  the  direction  of  op¬ 
timal  luminosity.  To  optimise  the  luminosity,  it  is  required 
that  the  feedback  system  now  have  an  additional  luminos¬ 
ity  feedback  element  which  locates  the  optimal  collision 
parameters  in  y  and  y’.  Previous  studies  [5]  have  indicated 
that  by  using  the  first  layer  of  the  TESLA  LCAL  system  to 
count  the  coherent  e+e-  pairs  created  in  the  beam-beam 
interaction,  a  signal  proportional  to  luminosity  could  be 
made  available  to  the  feedback  system  on  a  bunch  by  bunch 
basis. 


There  is  huge  parameter  space  to  be  explored  with  such 
simulations,  and  it  is  desirable  to  compare  different  param¬ 
eter  sets  with  as  much  statistics  as  possible.  Each  run  of 
the  full  simulation  takes  tens  of  hours  on  a  single  modem 
CPU.  In  order  to  make  maximum  possible  use  of  each  sim¬ 
ulation  run,  all  data  is  stored  each  time.  Summary  data  is 
stored  of  the  run,  e.g.  luminosity,  dE/dL,  beam  parameters 
at  the  IP  as  a  function  of  bunch  number  and  so  on.  Also,  the 
entire  incoming  and  outgoing  beam  particles  at  the  IP  are 
kept  along  with  4-vectors  of  background  particle  species 
formed  in  the  beam-beam  collision.  Namely,  the  e+e~  co¬ 
herent  pairs,  photons,  hadronic  background  and  mini-jets. 
An  on-going  project  is  to  deploy  the  simulation  on  a  ded¬ 
icated  multi-cpu  cluster  at  QMUL  which  exists  as  part  of 
the  UK  Particle  Physics  GRID  project. 


A  SAMPLE  SIMULATION  RUN 

Described  here  is  a  single  seed  from  an  example  run  of 
500  bunches,  showing  the  operation  of  the  feedback  system 
in  the  presence  of  banana  bunches.  The  parameters  of  this 
run  are: 

PLACET:  This  code  simulates  the  passage  of  the  beam 
through  the  TESLA  Linac.  It  is  set  up  to  give,  on  average, 
the  design  TESLA  luminosity  after  beam-based  alignment 
has  been  performed.  500  bunch  seeds  are  then  generated 
with  an  injection  error  of  RMS  0.2cry,oy  in  the  vertical 
axis.  To  simulate  fast  ground  motion  that  occurred  between 
trains,  the  quadrupoles  are  also  randomly  offset  in  the  verti¬ 
cal  plane  with  an  RMS  of  70 nm  representing  a  worse-case 
high  frequency  ground  motion  component  from  measured 
data  at  the  DESY  site[4]. 

MERLIN:  This  is  responsible  for  transporting  the  rep¬ 
resentation  of  the  beam  through  the  TESLA  Beam  De¬ 
livery  System.  Vertical  Random  jitter  on  quads  of  70nm 
RMS  are  added.  A  0. 14%  RMS  energy  jitter  was  added 
to  the  electron  bunches  to  simulate  their  passage  through 
the  positron  source  undulator.  There  were  80,000  macro 
particles  per  bunch  tracked  through  MERLIN  and  passed 
on  to  GUINEA-PIG  which  calculates  the  beam  kicks  and 
backgrounds  as  well  as  the  luminosity  data. 

Feedback:  BPM  resolutions  of  2 fim  for  the  angle  feed¬ 
back  and  5 (im  for  the  IP  feedback  system  were  assumed, 
and  kicker  errors  of  0.1%  RMS  bunch-bunch  were  also  as¬ 
sumed.  An  algorithm  simulating  the  PI  control  system  was 
tuned  on  2  test  bunches  to  provide  stable  rejection  of  noise 
at  the  0.1  ayy  level.  The  PI  controller  is  modelled  as  the 
discrete  transfer  function:  ^_+Ql  where  the  controller  co¬ 
efficients  for  the  IP  feedback  are  0.135  and  -0.001664  for 
aO  and  al  respectively.  This  is  obtained  from  the  PI  algo¬ 
rithm, 

fc-i 

upj{k)  =  KPe(k)  +  Kj  ^  e(j), 

3=o 

where  e  is  the  incoming  error  (beam  kick)  signal  to  be 
nulled,  Kj  is  a  constant  which  defines  the  steady-state  re¬ 
sponse,  and  Kp  provides  the  fast  initial  response  to  the 
error  signal.These  are  tuned  to  provide  the  fastest  possible 
error  correction  whilst  keeping  the  fast  jitter  to  below  the 
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0.1a  level.  The  angle  feedback  controller  coefficients  are 
set  to  0.168  and  -0.1256  guided  by  similar  constraints  as 
the  IP  feedback  system.  This  system  has  a  naturally  slower 
response  due  to  the  10  bunch  latency  arising  from  the  large 
kieker-BPM  separation. 


Figure  2:  Luminosity  as  a  function  of  vertical  position  and 
angle  beam  offset  at  the  IP.  The  blue  shaded  area  depicts 
the  area  that  the  feedback  system  automatically  corrects  to. 


Fig.  3  shows  the  feedback  systems  bringing  the  beams 
into  angular  alignment  over  the  first  150  bunches.  The 
beam  fluctuates  substantially  for  about  the  first  100 
bunches  until  the  HOM’s  are  damped  in  the  LINAC.  Feed¬ 
back  is  performed  by  steering  the  positron  beam  only.  This 
reduces  bunch-bunch  noise  enhancement  by  the  feedback 
system.  In  the  inset  to  fig.  3  it  can  be  seen  how  the  feed¬ 
back  system  enhances  high  frequency  uncorrelated  jitter  in 
the  beam.  There  is  a  10  bunch  latency  of  the  angle  feed¬ 
back  system  due  to  the  kicker-BPM  separation.  The  system 
is  assumed  to  then  settle  down  to  it’s  ‘zero’  position  after 
the  150  bunch  mark.  The  simulation  then  uses  a  luminos¬ 
ity  monitor  signal  corresponding  to  the  first  LCAL  layer  to 
optimise  the  collision  parameters-  this  is  simulated  as  the 
number  of  e+e“  pairs  passing  through  an  annulus,  radius 
of  between  1.2  and  6.2cm  at  a  distance  of  220cm  after  be¬ 
ing  tracked  through  a  4T  solenoid  field.  It  was  found  to  be 
optimal  to  integrate  the  luminosity  signal  over  10  bunches 
to  avoid  statistical  luminosity  fluctuations.  Fig.  4  shows  the 
operation  of  the  luminosity  feedback  system  in  conjunction 
with  the  IP  feedback  system.  One  beam  is  ramped  past  the 
other  in  O.la^  steps  and  the  corresponding  LCAL  signal  is 
found,  the  BPM  input  signal  corresponding  to  this  maxi¬ 
mum  signal  is  then  passed  to  the  PI  feedback  controller  as 
a  set-point  allowing  this  optimal  collision  parameter  to  be 
held.  The  same  procedure  is  applied  to  the  angle  system 
after  the  y-position  is  re-established.  The  luminosity  as  a 
function  of  bunch  number  is  shown  in  fig.  5. 
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Figure  3:  Beam  vertical  angle  at  the  IP  for  the  first  500 
bunches  at  TESLA  with  fast  feedback. 


Figure  4:  Beam  vertical  position  at  the  IP  for  the  first  500 
bunches  at  TESLA  with  fast  feedback. 
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Figure  5:  Total  integrated  luminosity  and  luminosity  within 
1%  of  500GeV  energy  peak. 
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Abstract 

At  the  heart  of  the  TESLA  linear  collider  are  the  two 
10  km  long  superconducting  linacs.  A  linac  is  constructed 
from  858  cryomodules  each  containing  12  nine-cell 
1*3  GHz  superconducting  cavities.  355  quadrupoles 
provide  the  necessary  beam  focusing.  The  advantages  of 
low-frequency  superconducting  RF  in  terms  of  wakefield 
behaviour  are  well  known,  and  the  TESLA  alignment 
tolerances  are  relatively  loose.  However,  the  effects  of 
cavity  tilts  and  their  impact  of  the  linac  beam-based 
alignment  algorithms  have  until  recently  not  been  fully 
investigated.  In  addition,  the  strong  sensitivity  to 
correlated  emittance  growth  due  to  the  high  beam-beam 
disruption  parameter  makes  it  desirable  to  control  the 
linac  emittance  down  to  a  few  percent.  In  this  report  we 
discuss  various  static  tuning  algorithms  and  present  new 
simulation  results.  Discussions  of  the  relative  merits  and 
applicability  of  the  methods  is  also  discussed. 

INTRODUCTION 

TESLA  is  a  proposal  for  a  e+e”  linear  collider  with  an 
initial  centre  of  mass  energy  range  up  to  500  GeV,  with  a 
possible  upgrade  to  800  GeV,  and  a  design  luminosity  of 
SxlO^cm^  1  (at  500  GeV)  [1].  The  linac  technology  is 
based  on  1.3  GHz  superconducting  RF.  Each  10  km  linac 
is  constructed  from  858  cryomodules  containing  12  nine¬ 
cell  niobium  cavities.  The  focusing  (beam  transport)  is 
provide  by  a  regular  60°  FODO  lattice  with  355 

Table  1:  Component  tolerances  for  the  TESLA  main 
linac.  The  luminosity  tolerances  are  those  random  RMS 
values  which  result  (on  average)  in  the  budgeted 
emittance  growth  after  one-to-one  linac  steering.  The 
installation  tolerances  are  those  accuracies  to  which  the 
components  are  expected  to  be  installed;  these  numbers 
are  used  in  the  simulations.  Units  are  jim  and  prad. 


reference 

RMS 

axis 

tolerance 

Luminosity  tolerance 

BPM 

offset 

ref.  line 

25 

cavities 

offset 

ref.  line 

500 

tilt 

ref.  line 

300 

Installation  tolerance 

quadrupole 

offset 

cryomodule 

300 

structure 

offset 

cryomodule 

300 

tilt 

cryomodule 

300 

BPM 

offset 

cryomodule 

200 

resolution 

- 

10 

cryomodule 

offsets 

ref.  line 

200 

quadrupoles.  As  within  any  of  the  proposed  future  linear 
colliders,  a  major  challenge  is  the  preservation  of  the  tiny 
vertical  emittance  (yey  -  2xl0'8  m  for  TESLA)  from  the 
damping  ring  to  the  interaction  point  (IP),  and  in 
particular  in  the  main  linac.  Table  1  lists  the  luminosity 
tolerances  and  the  expected  achievable  installation 
tolerances.  The  luminosity  tolerances  indicate  the  level  of 
alignment  precision  required  to  achieve  (on  average)  the 
goal  luminosity.  The  installation  tolerances  represent 
those  believed  achievable  in  the  real  machine.  The 
relatively  low  frequency  superconducting  RF  has  the 
advantage  of  relatively  weak  Wakefields,  which  is 
reflected  in  the  corresponding  cavity  luminosity  tolerance 
which  can  be  achieved  during  construction  and 
installation.  The  luminosity  tolerances  for  the  cavities  are 
based  on  the  TDR  transverse  wakefield  [1]  which  has 
since  be  superseded  by  a  more  accurate  calculation  [2], 
indicating  a  transverse  wakefield  30%  weaker  than 
previously  thought;  this  should  lead  to  a  reduction  of  the 
wakefield  induced*  emittance  growth  by  60%. 

Chromatic  (dispersive)  effects  from  offset  quadrupoles 
and  orbit  deviation  are  the  dominant  source  of  emittance 
growth  in  TESLA;  this  is  particularly  true  at  the  entrance 
of  the  linac  where  there  is  a  large  uncorrelated  energy 
spread  of  -3%  resulting  from  the  bunch  compressor.  The 
strength  of  the  effect  is  reflected  in  the  BPM  offset 
luminosity  tolerance  of  25  ^im  (table  1);  this  should  be 
compared  to  the  expected  installation  tolerance  of 
-360  pm+. 

In  the  past,  so-called  dispersion  free  steering  (DFS)  [4] 
has  been  extensively  studied  as  the  primary  beam-based 
alignment  method.  However,  in  the  results  reported  in  [1] 
and  [2],  the  effects  of  the  cavity  tilts  were  not  included,  as 
well  as  other  ‘realistic’  errors  such  as  beam  jitter.  A  more 
complete  study  of  the  TESLA  linac  performance  has 
since  been  made  [5],  where  a  complete  set  of  realistic 
errors  (including  the  cavity  tilts)  have  been  modelled 
using  the  LIAR  code  [6]:  the  average  emittance  growth 
was  -140%  after  DFS,  which  is  several  factors  more  than 
the  previously  reported  results. 

In  this  paper  we  will  review  new  simulation  results  of 
beam-based  alignment  for  the  TESLA  linac,  including  the 
new  transverse  wakefield  potential,  with  specific 
emphasis  on  the  ballistic  alignment  technique  [7],  where 
the  average  emittance  growth  is  observed  to  be  -30%. 

* 

It  is  actually  misleading  to  talk  about  emittance  growth  from 
wakefields  and  dispersion  separately,  since  the  two  are  coupled. 

+  >/200!  +3001  =  360nm 
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Figure  1:  Results  of  simulating  DFS  on  the  TESLA 
linac  (average  over  100  seeds).  The  black  line  shows 
results  with  a  stable;  the  magenta  line  shows  the 
effects  of  ~1  oy  beam  jitter.  In  both  cases  BPM  noise 
was  included  ( 1 0  pm  RMS). 

BEAM-BASED  ALIGNMENT  METHODS 

Dispersion  Free  Steering  (DFS) 

As  its  name  implies,  DFS  attempts  to  find  a  trajectory 
which  minimises  the  dispersion  generated.  This  is 
achieved  by  finding  an  orbit  which  minimises  the 
difference  orbit  when  either  the  beam  energy  or  the  lattice 
strength  is  modified.  In  the  absence  of  cavity 
misalignments  or  other  ‘external  fields’  which  can  kick 
the  orbit  between  the  quadrupoles,  there  is  no  conceptual 
difference  between  changing  the  quadrupole  strengths  and 
modifying  the  beam  energy.  However,  when  we  consider 
the  effects  of  cavity  steering,  then  it  is  important  to  use 
the  energy  method  in  order  to  get  a  ‘true’  dispersion 
measurement  (merely  changing  the  quadrupole  strengths 
does  not  ‘measure’  the  dispersive  kicks  from  the  cavities). 

The  method  adopted  in  [5]  divided  the  linac  into  a 
number  of  overlapping  sections  or  bins  (typically  20 
quadrupoles  with  an  overlap  of  10).  DFS  is  then  applied 
to  each  bin  in  turn.  For  each  bin,  the  upstream  energy  was 
varied  by  -20%  and  the  difference  orbit  measured.  With 
the  additional  knowledge  of  the  optics  an  orbit  can  be 
found  which  minimises  the  measured  difference. 

DFS  suffers  from  several  problems: 

•  In  the  presence  of  BPM  noise,  the  exact  solutions 
typically  result  in  an  absolute  orbit  which  exhibits 
a  long  wavelength  bowing  with  very  large 
unrealistic  amplitudes.  This  tendency  must  be 
compensated  by  constraining  the  resulting  orbit  to 
be  within  the  expected  absolute  alignment  error  of 
the  BPMs. 

•  The  upstream  energy  is  modified  by  changing 
either  phase  or  amplitude  of  the  upstream  cavities. 
In  the  presence  of  cavity  alignment  errors 
(particularly  tilts),  this  causes  a  steering  of  the 


beam  which  -  if  not  corrected  for  -  will  confuse 
the  measurement  of  the  ‘dispersive’  orbit. 

•  Similarly  incoming  random  beam  jitter  must  be 
compensated,  or  averaged  away. 

Figure  1  shows  the  results  of  applying  DFS  to  the 
TESLA  linac  using  the  simulation  code  PLACET  [7]. 
Specifically,  the  plot  shows  the  effects  of  upstream  beam 
jitter  on  the  results  (upper  curve);  in  this  case  two  BPMs 
at  the  entrance  to  each  bin  where  used  to  fit  out  the 
incoming  oscillation.  The  degree  to  which  this  can  be 
achieved  depends  on  the  BPM  resolution  assumed  (10  ^im 
RMS).  The  results  indicate  that  the  jitter  is  responsible  for 
a  factor  -3/2  in  emittance  growth,  and  would  appear  to 
explain  some  of  the  discrepancy  between  the  TDR  results 
and  those  reported  in  [5]. 

Ballistic  Alignment  (BA ) 

In  ballistic  alignment  [8],  a  reference  line  is  established 
by  first  turning  off  all  the  components  (quadrupoles, 
cavities,  correctors)  within  a  given  section,  and  then 
allowing  the  beam  to  ‘coast*  through  that  section. 
Assuming  that  there  are  no  other  fields  which  can 
influence  the  beam,  the  BPM  readings  define  a  straight 
line  (to  within  the  BPM  resolution)  to  which  the  beam  is 
re-steered  after  components  are  restored  to  their  original 
values.  As  with  DFS  the  linac  is  divided  into  bins,  but 
unlike  DFS  they  are  not  overlapped.  To  prevent  the 
corrected  orbit  ‘walking  away’,  the  ballistic  BPM 
readings  are  first  linearly  corrected  to  arbitrarily  zero  the 
last  BPM  in  the  current  bin;  this  BPM  acts  as  a  pivot 
location  or  node,  where  the  straight  ballistic  reference 
lines  are  allowed  to  have  an  angle.  Figure  2  shows 
schematically  a  section  of  linac  after  ballistic  alignment. 
For  the  case  of  perfect  BPMs  (zero  resolution),  the 
remaining  dispersive  kicks  are  simply  given  by  the  angles 
at  the  section  boundaries  (Oi).  The  effect  of  BPM  noise  is 
indicated  by  the  red  dotted  line  in  figure  1. 

The  main  advantages  of  BA  over  DFS  are: 

•  since  a  single  pulse  can  be  used  to  determine  the 
ballistic  trajectory,  the  method  is  relatively 
insensitive  to  upstream  beam  jitter; 

•  there  is  no  ‘fit’  in  the  process  which  may  be 
numerically  unstable  (as  is  the  tendency  in  DFS); 

•  notwithstanding  remnant  fields,  the  components 
are  either  off,  or  at  their  nominal  settings,  so  the 
motion  of  the  magnetic  centres  (for  example)  with 
excitation  is  not  a  problem. 

The  main  disadvantage  is  the  control  of  the  beam 
during  the  ballistic  measurement.  Turning  off  7  FODO 
cells  and  the  associated  RF  causes  a  large  /3- beat,  and  a 
large  energy  error  (A E  -  7  GeV,  corresponding  to  -300% 
in  the  worst  case  at  the  beginning  of  the  linac).  If  left 
uncorrected,  the  downstream  orbit  would  also  perform 
large  amplitude  oscillations  which  could  damage  the 
linac.  TESLA  does  have  the  advantage  of  relative  large 
apertures  (70  mm  diameter),  and  in  practise,  the 
alignment  would  probably  start  with  all  the  RF  off  and  the 
entire  lattice  scaled  to  the  initial  energy  of  4.6  GeV.  As 
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each  section  is  ballistically  aligned  (and  the  RF  in  that 
section  turned  on),  the  remaining  downstream  linac  will 
be  scaled  to  the  new  energy.  In  addition  feedback  will  be 
used  to  maintain  the  downstream  orbit.  Further 
simulations  of  the  control  of  the  beam  are  needed  to 
determine  the  maximum  allowed  length  of  ballistic 
section  -  particularly  in  the  first  linac  sections  where  the 
effects  are  likely  to  be  most  dramatic. 

Another  possible  issue  which  also  affects  DFS 
performance  is  that  of  BPM  resolution.  Initial  beam-based 
alignment  is  likely  to  be  at  reduced  beam  power  to  protect 
the  linac  from  possible  damage;  this  means  either  a 
significant  reduction  in  the  number  of  bunches  or  a 
reduction  in  single  bunch  charge  or  (most  likely)  both. 
This  may  have  a  significant  impact  on  the  BPM 
performance.  Reduction  of  the  bunch  charge  will  also 
affect  the  wakefields,  although  in  TESLA  this  is  probably 
not  an  issue. 

In  principle,  the  transverse  wakefields  will  define  the 
‘straightness’  of  the  ballistic  trajectory.  In  CLIC 
simulations  [8]  the  ballistic  process  is  generally  iterated  to 
converge  to  the  final  desired  orbit.  The  current 
simulations  suggest  that  no  such  iteration  is  required  for 
TESLA,  as  the  wakefield  effects  on  the  ballistic  orbit  are 
small. 

The  performance  of  the  ballistic  method  depends  on: 

•  The  size  of  the  node  angles  0Cj,  the  typical  size  of 
which  depend  on  the  expected  BPM  offsets,  and 
the  length  of  the  ballistic  sections  (Lb)\ 

•  The  resolution  of  the  BPMs. 

For  the  current  simulations,  bins  of  14  quadrupoles  were 
taken  (7  cells,  or  a  total  phase  advance*  of  7ti/3) 
corresponding  to  a  length  of  -410  m  in  the  low  energy 
section  of  the  linac.  A  BPM  single-shot  resolution  of 
10  pm  was  also  used. 


Figure  2:  The  result  of  ballistic  alignment:  the 
quadrupoles  are  aligned  on  straight  line  segments  between 
bin  boundaries  (nodes).  The  RMS  offset  of  the  nodes  is 
simply  given  by  the  RMS  BPM  offset  with  respect  to  the 
reference  line  (-360  pm  for  TESLA).  The  solid  lines 
represent  the  best  case  for  perfect  BPMs  (no  noise);  the 
red  dotted  line  indicates  the  effect  of  finite  BPM 
resolution. 

Figure  3  shows  the  results  of  applying  ballistic 
alignment  to  the  TESLA  linac,  with  all  the  installation 

*  care  must  be  taken  to  avoid  multiples  of  n. 


Figure  3:  Results  of  simulations  of  ballistic  alignment  for 
the  TESLA  linac  (averaged  over  100  seeds).  The  two 
solid  lines  show  independent  results  from  the  simulation 
codes  MERLIN  [9]  (red)  and  PLACET  [7]  (blue).  The  red 
dotted  line  shows  the  emittance  after  the  linear  energy 
correlations  are  removed. 

errors  in  table  1,  including  10  pm  RMS  random  BPM 
noise  and  an  initial  random  beam  jitter  of  -5  pm  (a/2) 
RMS.  The  average  emittance  achieved  as  26±4nm, 
corresponding  to  an  emittance  growth  of  30%;  -85%  of 
the  machines  produced  an  emittance  growth  of  50%  or 
less.  Note  that  half  of  this  emittance  growth  comes  from 
the  first  -750  m  or  -12  GeV  of  the  linac  where  the  energy 
spread  is  large  due  to  bunch  compression. 

A  large  fraction  of  the  ‘projected’  emittance  shown  in 
the  solid  lines  in  figure  3  is  correlated  with  energy.  In 
principle,  the  linear  correlations  ( yS )  and  (y'S)  can  be 

removed  with  use  of  orbit  bumps  in  the  linac,  or  the 
dispersion  correction  available  in  the  beam  delivery 
system  (BDS).  The  green  dotted  lines  in  figures  3  and  4 
show  the  emittance  after  this  correction:  the  average  linac 
exit  (dispersion  corrected)  emittance  is  now  -18%. 
Applying  two  such  corrections  (for  example,  two  bumps 
at  the  correct  phase  as  suggested  in  [2])  may  improve 
performance  since  some  fraction  of  the  correlation 
corrected  at  the  first  bump  would  otherwise  filament 
(decohere)  by  the  end  of  the  linac.  The  study  of  realistic 
bumps  has  still  to  be  made. 
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Abstract 

This  report  describes  studies  performed  in  the  frame¬ 
work  of  the  Collimation  Task  Force  organized  to  support 
the  work  of  the  second  International  Linear  Collider  Tech¬ 
nical  Review  Committee.  The  post-linac  beam-collimation 
systems  in  the  TESLA,  JLC/NLC  and  CLIC  linear-collider 
designs  are  compared  using  the  same  computer  code  under 
the  same  assumptions.  Their  performance  is  quantified  in 
terms  of  beam-halo  and  synchrotron-radiation  collimation 
efficiency.  The  performance  of  the  current  designs  varies 
across  projects,  and  does  not  always  meet  the  original  de¬ 
sign  goals.  But  these  comparisons  suggest  that  achieving 
the  required  performance  in  a  future  linear  collider  is  fea¬ 
sible. 

INTRODUCTION 

We  present  a  summary  of  comparisons  of  the 
collimation-system  performance  for  the  three  main  candi¬ 
date  linear-collider  designs:  JLC/NLC,  CLIC  and  TESLA. 
The  essence  of  these  results  is  included  in  Ref.  [1]  and  more 
details  can  be  found  in  Ref.  [2]. 

For  the  next  generation  e+e~  linear  colliders  (see  [1] 
and  Table  1),  small  fractional  beam  losses  along  the  trans¬ 
port  line,  or  the  presence  of  particles  far  from  the  beam 
core  in  the  IP  region,  may  strongly  affect  the  background 
conditions  in  the  detector,  as  well  as  cause  irradiation  and 
heating  of  collider  components. 


Table  1:  LC  parameters  for  500  GeV  c.m.energy. 


parameter 

TESLA 

NLC 

CLIC 

Bunch  population,  E  4-  10 

2 

0.75 

0.4 

Number  of  bunches  per  train 

2820 

192 

154 

Separation  between  bunches,  ns 

337 

1.4 

0.67 

Repetition  frequency,  Hz 

5 

120 

200 

Average  current  (each  beam),  \i a 

45.1 

27.6 

19.7 

Beam  power  (each  beam),  MW 

11.3 

6.9 

4.9 

Normalized  emitt  x,y,  mm-mrad 

10, 0.03 

3.6,0.04 

2.0,0.01 

Beta  function  at  IP,  x,y,  mm 

15.2,0.41 

8,0.11 

10,0.05 

Beam  size  at  IP,  x,y,  (ct),  nm 

553,5 

243,3 

202, 1.5 

All  machine  designs  need  to  remove  this  halo  to  a  cer¬ 
tain  “collimation  depth”,  which  is  generally  set  by  the 
synchrotron-radiation  fan  generated  by  the  halo  particles 
in  the  last  few  magnets  close  to  the  IP:  by  definition,  all 
particles  within  the  collimation  depth  generate  photons  that 
should  pass  cleanly  through  the  IR.  Halo  particles  outside 
this  collimation  depth  are  removed  by  physically  intercept¬ 
ing  them  with  “collimators”,  which  are  formed  by  a  thick 
absorber  of  many  radiation  lengths  placed  in  the  optical 
shadow  of  a  thin  spoiler,  the  thickness  of  which  is  generally 
less  than  one  radiation  length. 

*  Work  supported  in  part  by  US  DOE,  Contract  DE-AC03-76SF005 15. 


Analytic  estimates  predict  halo  of  the  order  of  10  “6  of 
the  LC  beam  current.  However,  given  the  SLC  experience, 
designers  of  collimation  systems  have  taken  the  conserva¬ 
tive  approach  to  build  a  collimation  system  that  would  be 
able  to  intercept  a  fractional  halo  of  10  “ 3  of  the  beam  -  the 
number  we  assumed  for  the  present  study. 
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Figure  1:  Collimator  locations  in  TESLA,  NLC  and  CLIC. 

The  comparative  studies  were  carried  out  using  the 
program  STRUCT  [3].  This  package  performs  particle 
tracking,  taking  into  account  aperture  restrictions,  inter¬ 
action  of  primary  beam  particles  with  collimators,  beam 
losses,  synchrotron  radiation  and  transport  of  the  photons 
along  the  beamline. 


COLLIMATION  IN  LINEAR  COLLIDERS 

All  designs  have  a  dedicated  primary  collimation  system 
(betatron  and  off-energy)  located  upstream  of  the  final  fo¬ 
cus  system  (FFS).  Additional  secondary  or  “clean-up”  col¬ 
limators  are  located  in  the  FFS.  The  maximum  number  of 
halo  particles  that  may  be  intercepted  in  this  secondary  sys¬ 
tem  is  limited  by  the  muon  flux  the  detector  can  tolerate. 
The  primary  system  —  which  intercepts  most  of  the  halo 
-  should  have  high  enough  an  “efficiency”  to  reduce  the 


0-7803-7738-9/03/$  17.00  ©  2003  IEEE 


2739 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


losses  in  the  secondary  system  to  acceptable  levels.  At  the 
same  time,  the  combination  of  primary  and  secondary  col- 
limation  must  bring  the  halo  population  outside  the  colli- 
mation  depth  in  the  final  doublets  within  tolerance. 

Collimation  of  the  beam  requires  putting  material  close 
to  a  beam  with  a  high  energy  density,  which  in  turn  creates 
a  risk  that  a  missteered  beam  might  destroy  the  collimator. 
In  practice,  in  order  to  limit  the  betatron  functions  in  the 
collimation  region,  the  design  relies  on  thin  (0.5-1  radia¬ 
tion  length)  spoilers  which  scrape  the  halo  with  minimal 
heating  and  enlarge  the  spot  size  of  a  missteered  beam  via 
multiple  Coulomb  scattering  and  energy  loss.  The  enlarged 
beam  is  then  absorbed  in  thick  (30  radiation  lengths)  cop¬ 
per  absorbers.  Absorbers  in  the  primary  collimation  section 
should  lie  in  the  shadow  of  their  spoiler  partner  to  reduce 
the  probability  of  being  hit  directly  by  a  missteered  beam. 

Table  2  lists  the  physical  properties  of  the  spoilers  and 
absorbers  for  the  three  machines.  Fig.  1  shows  collimator 
locations,  horizontal  dispersion  and  beam  sizes  in  the  BDS. 

Table  2:  Parameters  and  achieved  performance  of  the  post- 
linac  primary  collimation  systems.  ax,y  are  the  beam  sizes 
at  the  primary  spoiler  (including  the  dispersive  contribu¬ 
tion);  y  refer  to  the  betatron  contributions  alone.  The 
spoiler  settings  are  tighter  than  the  effective  collimation 
depth  at  the  FD  due  to  dispersive  and  higher-order  effects. 


TESLA 

JLC-X/NLC 

CLIC 

Nominal  collimation 
depth  (at  spoiler)  #  erf  1( 

12, 74 

10,31 

9, 65 

Energy  collimator  x  gap,  mm 

/iin 

3.0 

154, 4.5 

6.4 

534, 29 

3.2 

814, 38 

Betatron  collimator 

Final-doublet  phase  x,  y  gaps,  mm 
crx,y .  fJ-m 

IP  phase  x,  y  gaps,  mm 

0xyv> 

3.0, 1.0 

129.7 
3.0, 1.0 

128.7 

0.6, 0.4 

28, 6.5 

0.6, 0.5 
16,0.8 

0.68,0.4 

38.3 

0.6, 0.4 

22.3 

Effective  collimation 
depth  (at  FD)  #  a® 

13,  80 

15,31 

11,100 

Spoiler  material 

Ti 

Cu  +  Be 

Spoiler  length  mm  (rad.length) 

35(1) 

117  (O.Scu  +  0.3se) 

Absorber  length  mm  (rad.length) 

500  (35) 

429  (30) 

Achieved  primary-col lim.  efficiency 

0.01 

<1-10“  5 

<  3-10-4 

Losses  in  secondary 
collimation  section  part./bunch 

2.4  •  105 

50 

1000 

,  RESULTS 

Methodology 

The  effectiveness  of  the  collimation  system  can  be  quan¬ 
tified  in  terms  of:  a)  the  fraction  of  initial  halo  particles 
that  survive  (or  are  rescattered  out  of)  the  primary  collima¬ 
tion  system  and  hit  secondary  collimators  or  other  aperture 
limitations  closer  to  the  IP  (this  is  relevant  when  estimating 
muon  backgrounds);  b)  the  number  of  halo  particles  that  lie 
outside  the  collimation  depth  when  they  reach  the  final  dou¬ 
blet  (this  is  relevant  when  estimating  synchrotron-radiation 
backgrounds). 

For  simulations  of  the  effectiveness  of  the  three  collima¬ 
tion  systems  and  of  background  conditions  at  the  IP,  the 
beam  halo  was  represented  by  a  large  number  of  rays  (typi¬ 
cally  5  x  105)  distributed  in  phase  space  with  1  jr  amplitude 
distributions  and  with  a  Gaussian  momentum  distribution 
of  a(dP/P)  -  1%. 


Figure  2:  Collimation-system  performance  assuming  an 
incident  fractional  halo  of  10-3.  Top:  fractional  loss  of 
charged-halo  particles,  integrating  back,  starting  at  the  IP. 
The  horizontal  scale  shows  the  distance  from  the  IP.  Bot¬ 
tom:  number  of  charged-halo  particles  per  bunch,  normal¬ 
ized  to  the  nominal  bunch  charge,  in  a  rectangular  x  -  y 
window  at  the  entrance  to  the  final  doublet,  as  a  function  of 
the  collimation  depth.  The  scale  factor  K  defines  the  win¬ 
dow  dimension:  for  K- 1,  the  window  size  corresponds  to 
the  effective  collimation  depth  listed  in  Table  2. 

Primary-collimation  Efficiency 

Figure  2  (top)  displays,  for  each  machine,  the  cumulative 
particle  loss,  starting  at  the  IP  and  integrating  back  to  the 
entrance  of  the  collimation  system. 

-  The  NLC  design  achieves  a  primary-collimation  effi¬ 
ciency  significantly  better  than  10“~5,  resulting  in  less  than 
104  particles  per  train  being  lost  in  the  secondary  system. 

-  In  TESLA,  with  the  primary  collimation  as  currently 
designed,  the  loss  rate  in  the  secondary  system  amounts 
to  about  1%  of  the  initial  halo  population.  Because  the 
TESLA  bunch  spacing  is  longer  than  the  entire  bunch  train 
for  the  warm  machines,  TESLA  generally  quotes  back¬ 
ground  rates  per  bunch  crossing.  However  the  subdetec¬ 
tor  most  sensitive  to  muon  background,  the  time  projection 
chamber  (TPC),  integrates  over  150  bunches,  so  that  for  the 
same  assumed  incident  halo  fraction  of  10  _3,  the  effective 
halo  population  becomes  similar  to  that  of  NLC  and  the  ef¬ 
fective  loss  in  the  secondary  collimation  system  amounts  to 
3  •  107  particles  per  sensitivity  window. 

-  The  CLIC  collimation  system  achieves  a  primary- 
collimation  efficiency  of  about  3  x  10  “4. 

Halo  Photons 

The  collimation-system  performance  achieved  at  the  en¬ 
trance  to  the  final  doublet,  and  the  resulting  level  of  halo- 
induced  SR  backgrounds,  are  summarized  in  Tables  3  and 
4.  They  can  be  characterized  as  follows. 

In  NLC,  the  edge  of  the  collimation  depth  is  sharply 
defined  (Fig.  2  bottom);  but  for  no  halo  photons  to  hit 
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Table  3:  Synchrotron  radiation  from  the  beam  halo  near  the 
IP.  The  number  of  bunches  per  ‘effective’  train  reflects  the 
sensitivity  window  of  the  time  projection  chamber  (TPC). 


TESLA 

JLC-X/NLC 

CLIC 

#  bunches/(effective  train) 

150 

192 

154 

Losses  on  SR  mask  upstream  of  FD 

Mean  photon  energy  (MeV) 

0.474 

0.031 

0.032 

#  photons/bunch 

1.4 -10e 

4.5  •  1G5 

8.5  •  10a 

#  photons/eff.  train 

2.1  •  108 

8.7  •  107 

1.3  ■  106 

Total  photon  energy  (GeV) 

/bunch  (/eff.  train) 

670  (100000) 

14  (2700) 

0.28  (43) 

Charged  halo  (part./bunch) 

7440 

(none) 

(none) 

Losses  on  upstream  detector  mask 

Radius,  mm 

12 

10  (QD0) 

13 

Photon  losses,  mW 

0.03 

0 

<o 

1 

o 

i— i 

00 

T— 1 

Photon  !osses,GeV/bunch 

13 

0 

3.8  ■  10“4 

Losses  on  vertex  detector 

Radius,  mm 

- 

10 

13 

Photon  losses,  mW 

- 

<10"7 

1.6  •  10-3 

Photon  losses,  GeV/bunch 

- 

<2.710"  5 

0.33 

Losses  on  downstream  detector  mask 

Radius,  mm 

12 

13  (lum.  monitor) 

13 

Photon  losses,  mW  (GeV/bunch) 

0.36  (158 ) 

.0 

0.011(2.2) 

Losses  on  SR  mask  downstream  of  outgoing-side  FD 

Mean  photon  energy  (MeV) 

10.1 

- 

- 

#  photons/bunch 

1.2-  107 

- 

#  photons/eff.  train 

1.8  •  109 

- 

- 

Total  photon  energy  (GeV) 

/bunch 

1.2  ■  105 

. 

_ 

/eff.  train 

1.8  •  107 

- 

- 

Charged  halo  (part./bunch) 

246 

- 

- 

the  beam  pipe  near  the  IP,  rather  tight  collimator  settings 
(±0.2-0.3  mm)  are  needed1.  The  halo  photon  flux  hit¬ 
ting  the  FD  SR  mask  on  the  incoming-side  (Table  3)  is  low 
enough;  in  addition,  these  photons  are  rather  soft  ( (E7)  ~ 
31  KeV).  The  halo  hitting  the  detector  masks  and  the  vertex 
detector  is  negligible.  Photon  losses  in  the  outgoing  beam 
line  were  not  calculated  for  NLC  or  CLIC  because  it  was 
assumed  that  the  crossing-angle  geometry  provides  enough 
flexibility  for  an  ample  stay-clear  on  the  spent-beam  side. 

In  TESLA,  the  boundary  of  the  collimated  halo  is  barely 
visible.  Charged-halo  losses  on  the  SR  mask  amount  to 
about  7400  particles/bunch  on  the  upstream  side,  and  about 
250  particles/bunch  on  the  downstream  mask.  Simulations 
also  indicate  that  some  SR  photons  from  the  halo  (>  10 5 
photons/bunch)  hit  the  detector  mask  located  3  m  down¬ 
stream  of  IP;  their  total  energy  (158  GeV/bunch)  is  how¬ 
ever  small  compared  to  that  of  beam-beam  induced  pairs. 
More  importantly,  one  observes  a  sizeable  outgoing  pho¬ 
ton  halo  (^1.2x10 5  GeV/bunch,  corresponding  to  about 
1.2  xlO7  photons)  hitting  the  downstream  SR  mask  18  m 
from  the  IP:  the  total  energy  of  the  halo  photons  intercepted 
by  this  mask  is  about  half  of  that  deposited  by  outgoing 
SR  photons  from  the  beam  core  hitting  the  same  mask  (Ta¬ 
ble  4).  Both  the  mean  energy  (Table  3)  and  the  number 
of  halo  photons  per  pulse  is  an  order  of  magnitude  larger 
in  TESLA  than  in  NLC,  because  of  significantly  stronger 
bending  fields.  This  remark  also  applies  to  SR  photons  ra¬ 
diated  by  the  core  of  the  incoming  e*  beam. 

The  halo  in  CLIC-500  appears  reasonably  well-behaved, 
and  the  number  of  photons  hitting  the  SR  and  IR  masks  is 

*Here  we  present  only  the  more  pessimistic  case,  i.e.  without  tail  fold¬ 
ing  octupoles,  included  in  NLC  BDS,  which  allow  widening  the  spoiler 
gaps  by  a  factor  of  3  to  4.  NLC  collimation  performance  with  these  oc¬ 
tupoles  is  discussed  in  Ref.  [4] 


of  no  concern.  This  promising  performance  was  however 
obtained  with  rather  tight  collimator  settings.  Detailed 
simulations  of  the  500  GeV  CLIC  system  are  only  begin¬ 
ning,  and  its  collimator  configuration  is  still  in  flux. 

Synchrotron  Radiation  from  the  Beam  Core 
A  sizeable  flux  of  SR  photons  produced  by  the  beam 
core  (primarily  in  the  last  dipole)  hits  the  SR  masks  on 
either  side  of  the  IP  (Table  4).  In  NLC,  when  integrated 
over  the  entire  bunch  train,  the  flux  of  SR  photons  from  the 
core  reaches  a  level  that  may  deserve  attention.  In  TESLA, 
about  10 10  core  photons/bunch  hit  the  SR  mask  upstream 
of  the  IP,  depositing  109  GeV/effective  bunch  train.  While 
it  is  plausible  that  the  effectiveness  of  the  TESLA  collima¬ 
tion  system  may  be  further  improved,  these  results  under¬ 
score  the  urgent  need  for  more  detailed  studies.  In  CLIC, 
the  flux  of  intercepted  core  SR  photons  is  slightly  lower 
than  in  NLC,  presumably  due  to  the  fact  that  the  CLIC  IR 
has  been  optimized  for  3  TeV  c.m.  energy. 


Table  4:  SR  from  the  beam  core  hitting  IR  masks. 


TESLA 

NLC 

CLIC-500 

Losses  upstream  of  FD 

Mean  photon  energy  (MeV) 

0.450 

0.032 

0.034 

#  photons/bunch 

1.4  •  10iU 

0.9  •  109 

#  photons/eff.  train 

2.1  •  1012 

1.7-  1011 

9.1  ■  1010 

Total  photon  energy  (GeV) 

/bunch 

6.2  •  106 

3.0-  104 

2.0  ■  104 

/eff.  train 

9.3  •  108 

5.8  •  106 

3.1  •  106 

Losses  downstream  of  outgoing  FD 

Mean  photon  energy  (MeV) 

0.467 

- 

- 

#  photons/bunch 

4.7-  108 

- 

. 

#  photons/eff.  train 

7.1  ■  1010 

- 

- 

Total  photon  energy  (GeV) 

/bunch 

2.2 . 105 

. 

. 

/eff.  train 

3.3  •  107 

- 

- 

Further  plans  include  continuing  studies  of  muon 
backgrounds,  evaluation  of  performance  in  a  non-ideally 
tuned  BDS  with  both  static  and  dynamic  errors,  etc.  [6]. 


SUMMARY 

Comparative  studies  of  the  performance  of  the  post-linac 
beam-collimation  systems  in  the  TESLA,  NLC  and  CLIC 
designs  have  shown  that  the  performance  of  the  systems 
as  currently  designed  is  not  uniform  across  projects,  and 
that  it  does  not  always  meet  all  the  design  goals.  As  of 
this  writing,  the  CLIC  and  NLC  collimation  schemes 
appear  the  most  promising.  Improvements  of  the  TESLA 
collimation  system  are  expected  to  result  from  the  ongoing 
overhaul  of  their  BDS  design  [5].  Overall,  the  very  exis¬ 
tence  of  an  acceptable  solution  suggests  that  achieving  the 
required  performance  in  future  linear  colliders  is  feasible. 
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Abstract 

The  high  efficiency  in  the  30  GHz  power  production  is 
maintained  if  the  beam  quality  is  preserved  along  the 
rings  and  the  transfer  lines  of  the  CLIC  Test  Facility 
(CTF3)  compressor  system  [1,2].  The  energy  loss  and 
energy  spread,  caused  by  vacuum  chamber  components 
coupling  impedance  and  by  coherent  synchrotron 
radiation  (CSR)  emission,  must  be  minimized. 

The  magnetic  layouts  of  the  first  ring  of  the  compressor 
system,  called  Delay  Loop  (DL)  and  of  the  transfer  line 
between  the  Linac  and  DL  are  presented.  Tests  and 
measurements  on  several  vacuum  chamber  components 
prototypes  are  reported.  The  3  GHz  RF  deflectors,  that 
will  provide  the  injection  in  the  Combiner  Ring,  have 
been  studied,  realized,  tested,  installed  and  successfully 
used  in  the  first  interlaced  bunch  trains  injection  in  the 
CTF3  preliminary  phase.  A  standing  wave  1.5  GHz  RF 
deflector  for  injection  into  the  Delay  Loop  is  proposed. 

INTRODUCTION 

The  30  GHz  RF  power  production,  needed  in  the  CLIC 
project,  depends  on  the  drive  beam  structure;  after  the 
recombination  system  very  short  bunches  with  regular 
spacing  are  required.  To  preserve  the  beam  quality  in  the 
CTF3  compressor  system  the  ring  lattices  are  isochronous 
and  the  R56  of  the  transfer  lines  is  kept  very  small. 

The  study  of  rings  and  transfer  lines  optics  has  been 
reported  in  the  CTF3  Design  Report  [1]  and  in  several 
articles  [2,3].  The  coherent  synchrotron  radiation  effect 
for  short  bunches  as  well  as  the  vacuum  chamber 
coupling  impedance  become  important  issues,  leading  to 
an  energy  loss  and  to  an  increase  in  energy  spread.  In  fact, 
the  energy  losses  give  rise  to  relative  phase  errors 


between  bunches  through  non  perfect  isochronicity,  which 
results  in  deterioration  of  the  timing  between  individual 
bunches  and  merging  trains;  the  energy  spread  leads  to 
bunch  lengthening  and  phase  space  distortion. 

The  INFN  Frascati  laboratories  will  provide  the  first  of 
the  two  rings  of  the  compressor  system  called  Delay  Loop 
(DL).  At  the  exit  of  this  ring  the  frequency  of  the  bunches 
coming  from  the  Linac  (1.5GHz)  will  be  doubled  with  an 
increment  of  the  current  by  a  factor  two.  A  magnetic 
bunch  stretcher  chicane  is  part  of  the  transfer  line  that  join 
the  Linac  with  the  DL;  it  is  used  to  increase  the  bunch 
length  in  order  to  reduce  CSR  and  impedance  effects. 

Therefore  the  magnetic  stretcher/compressor  chicane 
was  designed  with  an  R56  tunable  in  the  range  of +50,  -30 
cm  that  allows  to  vary  the  bunch  length  in  a  very  wide 
range. 

Systematic  experimental  studies  of  the  CSR  effect  in 
the  compressor  are  also  foreseen  with  an  energy  analyser 
and  an  emittance  measurement  system  at  the  chicane  exit. 
In  this  paper  the  study  and  the  prototype  realization  of 
several  components  of  the  vacuum  chamber  are 
described.  The  tests  of  the  RF  deflectors  realized  by  LNF, 
and  successfully  used  in  the  CTF3  preliminary  phase  [5], 
are  also  reported. 

MAGNETIC  LAYOUT 

The  optics  of  Delay  Loop  and  Transfer  lines  have  been 
well  studied  including  multiparticle  tracking  [3].  The 
magnetic  layout  of  the  Delay  Loop  and  transfer  lines  has 
been  completed  using  existing  dipole  and  quadrupole 
magnets  of  the  EPA  complex  in  CERN  together  with  the 
injection  extraction  septa  magnet.  In  Fig.  1  the  layout  of 
the  magnetic  elements  is  shown. 


Figure  1 :  Layout  of  the  Delay  Loop  and  Transfer  Line  magnetic  elements. 
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PROTOTYPES 

The  first  prototypes  vacuum  chamber  components 
studied  and  realized  are  the  pump  ports,  shielded  bellows 
and  beam  position  monitors.  The  longitudinal  impedance 
measurements  of  these  devices  have  been  done  because 
their  large  number  along  the  rings  and  transfer  lines  can 
contribute  in  significant  way  to  the  impedance.  The 
Combiner  Ring  RF  deflectors  have  been  also  tested  and 
installed  in  the  CTF3  preliminary  phase  [5],  The  Delay 
Loop  RF  deflector  has  been  studied. 

Vacuum  Pump  Port 

In  the  design  of  vacuum  pump  ports  RF  screen  the 
hidden  slots  idea,  applied  successfully  for  PEP  II,  has 
been  adopted.  This  allows  to  reduce  by  some  orders  of 
magnitude  the  coupling  impedance  and  to  prevent 
radiation  into  the  pump  chamber.  The  realized  RF  screen 
consists  of  38  grooves  72  mm  long,  2  mm  wide  and  2  mm 
deep  in  the  rectangular  vacuum  chamber  pipe  with  4  mm 
thickness;  these  grooves  are  used  to  decrease  the  coupling 
impedance.  Along  each  groove  25  circular  holes  of  1  mm 
(smaller  than  the  bunch  longitudinal  size)  are  drilled  for 
pumping  purpose;  these  holes  prevent  penetration  of  the 
RF  fields  outside  of  the  beam  pipe.  To  decrease  further 
the  impedance  in  the  rectangular  geometry  of  the  beam 
pipe,  the  grooves  are  placed  closer  to  the  chamber  comers 
and  there  are  no  grooves  on  the  lower  and  upper  desks  of 
the  chamber  near  the  symmetry  axis. 

The  impedance  of  the  prototype  section,  8  cm  long,  that 
provides  a  vacuum  conductance  of  60  1/s,  has  been 
measured  with  the  wire  methods  with  resistive  matching. 
The  measurements,  extended  up  to  4.5  GHz  (maximum 
allowable  range  with  resistive  matching),  have  shown  that 
the  impedance  values  are  too  small  to  be  detected  by  the 
measurement  apparatus.  The  calculated  impedance  of 
these  pumping  screen  is  Z/n=j  4.3  *10"6  Q.  No  resonant 
mode  seems  to  appear. 

Shielded  Bellows 

A  prototype  of  the  shielded  bellows  that  provides  the 
vacuum  chamber  flexibility  has  been  developed.  The  RF 
shielding  is  a  sliding  finger  structure,  similar  to  that  used 
in  the  KEKB  rings,  with  the  same  inner  shape  of  the 
rectangular  vacuum  chamber.  The  number  and  the  shape 
of  the  sliding  contact  have  been  chosen  in  order  to  reduce 
the  coupling  of  the  bunch  field  to  the  bellows  structure; 
the  thickness  and  position  of  the  spring  finger  have  been 
chosen  to  maximize  the  electrical  contact.  The  bellows 
impedance,  predominantly  inductive,  has  been  evaluated 
to  be  about  10"6  Cl. 

Beam  Position  Monitor 

The  CTF3  BPM  works  in  principle  as  a  transformer 
excited  by  the  beam.  The  beam  image  current  is  diverted 
to  four  metallic  strips  placed  outside  the  vacuum  chamber 
ceramic  gap  and  short-circuited  to  the  two  ends  of  the 
metallic  vacuum  chamber.  Small  ferrite  core 


transformers,  placed  at  the  end  of  each  strip,  provide 
signals  whose  amplitude  depends  on  the  beam  position 
[1]. 

The  striplines  are  surrounded  by  ferrite  tiles  to  improve 
the  low  frequency  response.  Such  ferrites,  at  high 
frequency,  have  high  RF  losses  and  damp  unwanted 
resonances  of  the  external  metallic  shield. 

Measurements  based  on  the  coaxial  wire  method  have 
been  performed  to  estimate  the  transfer  impedance  of  the 
device  and  showed  a  low  frequency  cut-off  at  400kHz  [3]. 

To  investigate  position  sensitivities  of  the  device,  a 
series  of  measurements  with  a  movable  wire  has  been 
performed  at  the  calibration  bench  shown  in  Fig.2. 


Figure  2:  BPM  calibration  bench 


Beam  position  is  derived  from  the  ratios  U,V  (pseudo¬ 
positions)  between  the  peak  intensities  v,  of  the  signals 
from  the  windings  by  using  a  non  linear  fit: 

x  =  kx-U  +  f(U,V)  y  =  ky-V  +  g(U,V) 

where  kx  and  ky  are  the  inverse  sensitivities  to  beam 
displacement  and  and  g(U,V)  are  polynomial 

functions. 
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Figures  3:  Position  sensitivities  along  the  horizontal 
and  vertical  axis 
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The  outputs  v,  at  a  fixed  frequency  from  each  secondary 
winding  have  been  acquired  for  several  transverse  wire 
positions  to  derive  coefficients  of  the  polynomial 
functions  (f  and  g)  used  to  correct  non  linearities  of  the 
BPM  for  large  beam  offsets  (see  Fig.  3). 

Data  from  these  measurements  showed  20dB  maximum 
amplitude  excursion  between  the  four  signals  Vi  for  a 
beam  offset  by  70%  of  the  vacuum  chamber  dimensions. 

In  order  to  reduce  the  beam  coupling  impedance,  the 
internal  wall  of  the  ceramic  gap  will  be  coated  with  a 
conductive  film  whit  thickness  that  allows  only  lower 
frequency  components  of  beam  fields  to  propagate 
outside  to  be  picked  up  by  the  secondary  windings. 

RF  DEFLECTORS 

Combiner  Ring  RF  Deflectors 

The  bunch  trains  interlacing  scheme  of  CTF3  is  based 
on  the  use  of  RF  deflectors  as  injection  kickers.  The 
Combiner  Ring  RF  deflector  design  has  been  based  on  an 
already  optimized  TW  deflecting  structure.  The 
interaction  between  the  beam  and  the  deflector  operating 
mode  (beam  loading)  has  been  studied  to  evaluate  the 
impact  on  the  quality  of  the  extracted  beam.  We  came  to 
the  conclusion  that  the  beam  loading  in  a  pair  of  10-cells 
TW  deflectors  does  not  produce  a  significant  degradation 
of  the  beam  quality,  provided  that  the  betatron  phase 
advance  between  the  two  devices  is  properly  chosen  [1]. 
Following  these  results,  two  deflectors  used  in  CTF3 
preliminary  and  nominal  phases  have  been  built  in 
collaboration  with  the  Soltan  Institute  for  Nuclear  Studies 
(Swierk,  Poland). 

The  INFN-LNF  CTF3  group  collaborated  in  the  CTF3 
preliminary  phase  (which  started  in  autumn  2001  and  has 
been  completed  during  year  2002)  having  a  goal  to 
demonstrate  the  "funnelling"  injection  scheme  and  bunch 
train  compression  in  an  isochronous  lattice.  The  main 
difference  between  these  preliminary  experiments  and  the 
nominal  CTF3  is  the  limited  beam  current  available  from 
CERN  LEP  Injector  Linac. 

In  CTF3  preliminary  phase  the  concept  of  bunch  train 
combination  by  means  of  RF  deflectors  has  been 
demonstrated  experimentally  [5]. 

Delay  Loop  RF  Deflector 

The  Linac  bunch  train,  1.4  ps  long,  is  composed  by 
sequence  of  140  ns  bunch  trains,  with  1.5  GHz  repetition 
rate,  phase  shifted  by  one  3  GHz  RF  cycle.  The  odd  trains 
are  injected  into  the  Delay  Loop  and  recombined  at  the 
extraction  after  one  turn  with  the  pair  incoming  trains. 
This  scheme  is  used  to  double  the  current  in  the  140  ns 
train  increasing  to  3  GHz  the  bunch  repetition  rate.  An  RF 
deflector,  working  at  1.5  GHz  RF  frequency,  placed  at  the 
conjunction  point  of  transfer  line  and  Delay  Loop, 
provides  the  injection/extraction  in/from  the  Delay  Loop. 

The  pulsed  RF  source  is  a  1.5  GHz  Klystron,  custom 
developed  for  this  purpose,  with  maximum  RF  delivered 
power  of  20  MW  with  5  ps  pulse  length.  The  requested 
deflection  angle  is  15  mrad  at  the  maximum  energy  of 


300  MeV  (nominal  energy  of  the  full  current  beam  is  150 
MeV). 

Different  design  solutions  for  this  device  have  been 
investigated.  A  standing  wave  cavity,  that  has  more 
compact  design  with  respect  to  the  multicell  travelling 
wave  structure  and  provides  better  kick  efficiency,  has 
been  chosen.  In  Table  1  the  characteristics  of  two 
different  standing  wave  single-cell  deflectors  with 
different  Q  value  are  presented.  Because  of  the  filling 
time  and  finite  RF  pulselength,  there  are  different 
deflection  angles  from  head  to  tail  of  the  bunch  train 
coming  from  the  Linac.  The  cavity  with  lower  Q  is  less 
efficient  but  minimizes  these  kick  differences  that 
produce  a  transverse  emittance  growth. 


Table  1 .  Different  Q  value  cavities  comparison 


Q 

4200 

5800 

P  (15mrad@300MeV) 

18  MW 

14  MW 

AV  start  to  end 

1.5% 

4.0  % 

Figure  4  shows  the  HFSS  model  of  the  developed 
single  cell  standing  wave  deflecting  cavity.  The  cavity  is 
fed  by  two  waveguide  placed  on  opposite  sides  in  the 
horizontal  plane. 


Figure  4:  1.5  GHz  RF  deflector  model 
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HARMONIC  CAVITIES  FOR  THE  NLC  DAMPING  RINGS* 

S.  de  Santis#,  A.  Wolski,  LBNL,  Berkeley,  CA  94720,  USA 


Abstract 

To  achieve  high  luminosity,  a  linear  collider  needs 
damping  rings  to  produce  beams  with  very  small 
transverse  emittances.  In  the  NLC,  design  constraints 
place  the  Main  Damping  Rings  in  a  parameter  regime 
where  intrabeam  scattering  (IBS)  is  likely  to  be  a 
limitation  on  the  emittance,  and  hence  on  the  final 
luminosity.  It  is  possible  to  mitigate  the  effects  of  IBS  by 
lengthening  the  bunch:  this  may  be  achieved  by 
redesigning  the  lattice  with  higher  momentum 
compaction,  or  by  use  of  higher  harmonic  cavities.  Here, 
we  consider  the  latter  approach.  We  estimate  the  required 
bunch  lengthening  that  might  be  needed,  outline  some 
appropriate  parameters  for  the  harmonic  cavities,  and 
discuss  some  of  the  effects  that  might  be  introduced  or 
exacerbated  by  the  cavities,  such  as  synchronous  phase 
variation  along  the  bunch  train. 

THE  NLC  MAIN  DAMPING  RINGS 

A  lattice  design  for  the  NLC  Main  Damping  Rings 
(MDRs)  was  produce  in  April  2001  [1].  Some  relevant 
parameters  are  given  in  Table  1.  This  design  met  the 
specifications  for  damping  rate  and  emittance  at  low 
current,  but  studies  of  a  variety  of  collective  effects 
motivated  a  new  design  [2]  with  a  longer  bunch.  Among 
the  effects  causing  concern  was  intrabeam  scattering, 
which  was  estimated  to  increase  the  extracted  horizontal 
emittance  some  way  above  the  specified  value. 


Table  1:  Lattice  Parameters  for  the  2001  NLC  MDR 


Energy 

1.98  GeV 

Circumference 

299.792  m 

Natural  emittance  (normalized) 

2.2  fin i 

Equilibrium  vertical  emittance 

0.014  fim 

Mean  beta  functions  (x,y) 

3.6  m,  7.1  m 

Mean  horizontal  H  functions 

1.9  mm 

Expected  rms  vertical  dispersion 

1.5  mm 

Transverse  damping  times  (x,y) 

4.8,  5.0  ms 

Longitudinal  damping  time 

2.6  ms 

Momentum  compaction 

2.95X10'4 

Natural  bunch  length 

3.7  mm 

Natural  energy  spread 

0.091% 

Bunch  charge 

7.5X109 

Bunch  store  time 

25  ms 

Before  attempting  a  new  lattice  design,  the  possibility  of 
increasing  the  bunch  length  using  harmonic  cavities  was 
considered.  Here,  we  report  on  the  results  of  the  study  of 
the  effects  of  the  harmonic  cavities,  and  discuss  the 
reasons  for  choosing  a  new  lattice  as  the  preferred 
approach  to  reducing  the  severity  of  the  collective  effects. 


*Work  supported  by  the  US  DOE  contract  DE-AC03-76SF00098. 
#SDeSantis  @lbl.gov 


IBS  ESTIMATES 

IBS  is  not  generally  a  significant  effect  in  electron  storage 
rings,  since  the  growth  rates  are  usually  much  smaller 
than  the  radiation  damping  rates.  Observations  have  been 
made  at  the  KEK  ATF  [3]  and  the  ALS  at  LBNL  [4],  both 
operating  in  regimes  where  the  coupling  is  very  small. 
There  is  some  uncertainty  as  to  whether  the  measurements 
made  at  the  ATF  are  fully  explained  by  the  IBS  model 
[3,5];  however,  since  the  issue  is  presently  unresolved,  we 
base  our  estimates  on  this  model,  using  approximations 
that  are  valid  in  the  relevant  regime  [6].  Using  the 
method  described  in  [3],  we  can  calculate  the  evolution  of 
the  transverse  and  longitudinal  emittances  as  functions  of 
time  after  the  injection  of  the  beam  into  the  damping  ring, 
including  the  effects  of  IBS  and  radiation  damping. 
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Figure  1:  Evolution  of  horizontal  emittance  with  IBS 
(solid  line)  and  with  radiation  only  (broken  line) 


Figure  1  shows  the  evolution  of  the  horizontal 
emittance  following  injection  into  the  ring  with  a 
normalized  emittance  of  150  /mi.  IBS  also  leads  to  an 
increase  (though  less  severe)  in  the  vertical  and 
longitudinal  emittances.  In  the  horizontal  plane,  we 
observe  the  characteristic  minimum  associated  with  IBS, 
which  becomes  strong  enough  to  increase  significantly  the 
horizontal  emittance  only  when  the  vertical  emittance  has 
damped  to  a  certain  value.  At  equilibrium,  the  horizontal 
emittance  is  increased  to  3.51  /mi.  The  specified 
extracted  emittance  is  3.0  /4m. 

Increasing  the  bunch  length  reduces  the  charge  density 
and  thus  reduces  the  IBS  growth  rates.  However  the 
extracted  horizontal  emittance  is  a  relatively  weak 
function  of  the  natural  bunch  length  (Figure  2):  in  order  to 
achieve  3  /mi  extracted  emittance,  the  bunch  length  needs 
to  be  increased  to  between  4.5  mm  and  5.0  mm, 
depending  on  the  equilibrium  vertical  emittance.  Note 
that  the  equilibrium  vertical  emittance  needs  to  be 
reduced  close  to  0.01  /mi  in  order  to  achieve  0.02  /mi 
extracted,  with  IBS. 
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Figure  2:  Extracted  horizontal  emittance  as  a  function  of 
natural  bunch  length,  for  equilibrium  vertical  emittances 
from  0.013  /tm  to  0.010  /im  (from  left  to  right). 


LENGTHENING  THE  BUNCH  WITH  A 
HIGHER  HARMONIC  VOLTAGE 

The  fundamental  theory  of  a  higher  harmonic  RF 
system  is  described  in  [7].  In  our  case  we  are  interested  in 
bunch  lengthening  of  around  30%,  which  allows  the 
possibility  of  using  a  somewhat  simplified  theory  and 
rather  relaxed  requirements  for  the  cavity  parameters. 

Higher  harmonic  RF  systems  are  already  in  use,  or  are 
being  designed,  in  a  number  of  electron  storage  rings  and 
have  been  the  object  of  recent  studies  [8].  The  main 
problem  connected  with  the  use  of  harmonic  cavities,  in 
either  passive  or  active  mode,  is  the  transient  beam 
loading  induced  on  the  bunch  train.  The  difference  in  the 
bunch  phases,  relative  to  the  RF  voltage,  can  assume  very 
high  values,  which  make  obtaining  a  uniform  bunch 
lengthening  difficult.  As  an  additional  problem  in  the 
NLC  damping  rings,  the  systems  downstream  of  the 
damping  ring  accept  a  limited  variation  (less  than  10  mm) 
of  the  bunch  phase  at  input.  It  should  be  noted  that 
simulations  indicate  a  6  mm  phase  variation  from  just  the 
main  RF  system. 

In  first  approximation,  we  can  say  that  the  bunch 
lengthening  is  proportional  to  the  inverse  of  the  derivative 
of  the  total  RF  voltage.  Hence: 


where  is  the  bunch  length,  when  the  harmonic 
voltage  Vh(t)  is  applied  and 

Vtoi  =  Vrf  +  Vh  (3) 

With  our  parameters,  Eq.(3)  yields  a  value  for  the 
required  peak  harmonic  voltage  of  about  80  kV. 

Common  beam  loading  models  are  not  adequate  to 
describe  the  effects  with  harmonic  cavities.  For  this 
reason  we  use  a  simple  tracking  code,  developed  by  J. 
Byrd  at  the  Advanced  Light  Source,  in  which  we  compute 
the  transient  voltages,  induced  by  the  uneven  fill,  in  the 
main  and  harmonic  RF  system.  This  code  is  also  used  for 
determining  the  fundamental  parameters  of  the  harmonic 
cavities,  based  on  the  target  harmonic  voltage  and  the 
MDR  parameters  (Table  2).  At  this  first  stage,  the 
bunches  are  treated  as  point-like  charges  and  it  is  possible 
to  include  the  effects  of  the  main  RF  cavities  high-order 


modes  and  random  non-uniformities  in  the  bunch  charges 
(which  turn  out  finally  to  be  negligible). 

Table  2:  Parameters  for  the  2001  NLC  MDR  RF  system 


Main  RF  frequency 

714  MHz 

Shunt  impedance 

3.744  Mn 

R/Q 

117 

Coupling  factor 

12.33 

Peak  RF  voltage 

1.07  MV 

Energy  loss/tum 

792  keV 

DC  beam  current 

729  mA 

Number  of  bunches 

3x192 

The  total  voltage  (main  RF  voltage  plus  harmonic 
voltage)  is  then  used  for  calculating  the  length  of  each 
individual  bunch. 


SIMULATION  RESULTS 

Table  3  reports  the  main  parameters  for  the  third 
harmonic  RF  system  used  in  the  tracking  code.  These 
parameters  where  chosen  to  obtain  a  harmonic  voltage 
higher  than  the  80  kV  reported  in  the  previous  paragraph: 
equations  2  and  3  underestimate  the  required  voltage, 
since  they  do  not  include  the  additional  energy  loss  due  to 
the  harmonic  cavity  and  the  phase  relation  between 
fundamental  and  harmonic  voltage. 

Table  3:  RF  Parameters  for  the  2001  NLC  MDR  third 


harmonic  RF  system 


Harmonic  RF  frequency 

2142.4  MHz 

Shunt  impedance 

0.7  MQ 

R/Q 

35 

As  previously  stated,  such  parameters  for  the  harmonic 
cavity  can  be  easily  obtained  with  a  traditional  single  cell 
copper  cavity.  The  harmonic  cavity  is  tuned  0.4  MHz 
above  the  third  RF  harmonic  because  of  stability 
considerations. 


Figure  3:  Tum-by-tum  phase  of  bunches  in  the  NLC 
MDR. 


Our  simulation  code  tracks  the  three  trains  of  192 
bunches  each  and  calculates  their  phases  (referred  to  the 
main  RF  frequency)  turn  by  turn.  Figure  3  shows  the 
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evolution  in  the  bunch  phases  from  an  arbitrary  initial 
distribution,  for  the  first  8300  turns,  which  corresponds  to 
the  MDR  injection/extraction  cycle.  It  can  be  seen  that  the 
first  3000  turns  are  enough  to  damp  the  bunch  phases  to 
their  regime  values. 


Figure  4:  Fundamental  (upper)  and  harmonic  Gower)  RF 
voltages  and  phases. 


The  fundamental  and  harmonic  RF  voltages  and  phases 
along  the  bunch  trains  are  shown  in  Figure  4.  These 
results  include  the  high-order  modes  of  the  main  cavities 
and  a  10%  random  fluctuation  in  the  bunch  charges.  The 
gaps  are  included  in  the  calculation,  since  from  the  point 
of  view  of  the  tracking  code,  these  are  simply  bunches 
with  zero  charge. 


Figure  5:  Bunch  phase  transients  with  and  without  the 
harmonic  RF  system. 


Figure  5  shows  the  resulting  variation  of  the  bunch 
phases.  As  a  reference,  we  report  also  the  same  variation 
calculated  without  the  third  harmonic  cavity,  which  turns 
out  to  be  substantially  smaller.  The  phase  transient  with 
the  harmonic  cavity  is  far  larger  than  the  maximum 
specified  for  the  bunch  compressor. 

As  a  final  check,  the  new  bunch  lengths,  after  the 
harmonic  voltage  is  applied,  are  calculated  and  reported  in 


Fig. 6,  showing  that  the  applied  voltage  is  indeed 
necessary  for  obtaining  the  30%  required  lengthening. 


Figure  6:  Bunch  lengthening. 


CONCLUSIONS 

Our  calculations  show  that  a  simple  higher  harmonic 
RF  system  could  be  easily  designed  to  obtain  the  bunch 
lengthening  required  to  overcome  the  IBS  related 
emittance  increase  in  the  NLC  MDR.  Because  of  the 
intrinsic  characteristics  of  such  systems,  the  effect  on  the 
bunch  phase  distribution  would  be  substantially  larger 
than  the  maximum  specified  for  the  bunch  compressor. 

Though  it  might  be  possible  to  design  a  more  complex 
system  (with  energy  storage  cavities,  for  instance)  able  to 
reduce  the  phase  transient,  it  was  decided  to  investigate  a 
lattice  redesign,  which  could  give  a  longer  bunch  without 
the  need  for  a  higher  harmonic  RF  system. 
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STUDY  OF  NEAR-FIELD  VIBRATION  SOURCES  FOR  THE  NLC  LINAC 

COMPONENTS 


F.  Asiri,  F.  Le  Pimpec,  A. 

Abstract 

The  vibration  stability  requirements  for  the  Next  Linear 
Collider  (NLC)  are  far  more  stringent  than  for  the  previous 
generation  of  Colliders.  To  meet  these  goals,  it  is  impera¬ 
tive  that  the  effects  of  vibration  on  NLC  Linac  components 
from  near-field  sources  (e.g.  compressors,  high  vacuum 
equipment,  klystrons,  modulators,  pumps,  fans,  etc)  be 
well  understood.  The  civil  construction  method,  whether 
cut-and-cover  or  parallel  bored  tunnels,  can  determine  the 
proximity  and  possible  isolation  of  noise  sources.  This  pa¬ 
per  presents  a  brief  summary  and  analysis  of  recently  com¬ 
pleted  and  planned  studies  for  characterization  of  near-field 
vibration  sources  under  either  construction  method.  The 
results  of  in-situ  vibration  measurements  will  also  be  in¬ 
cluded. 

INTRODUCTION 

To  maintain  the  desired  luminosity  of  the  NLC,  the  fo¬ 
cusing  components  on  the  main  Linac  must  be  kept  at  a 
few  nanometers  above  a  few  Hz.  These  components  can 
be  affected  by  far-field  (natural)  and  near-field  (man-made) 
vibration  sources.  This  paper  is  concerned  only  with  near¬ 
field  sources  (e.g.  mechanical  and  electrical  equipment, 
RF  generating  equipment,  etc).  These  sources  are  mainly 
located  either  in  the  Support  tunnel,  Fig.l,  or  far  away 
(>  100  m)  from  the  Beam  tunnel.  The  characterization 
of  near-field  vibration  sources  and  its  effects  on  the  main 
Linac  components  is  part  of  an  ongoing  R&D  program  at 
NLC  that  is  presented  in  this  paper.  The  first  part  of  the 
paper  will  present  the  influence  of  the  vibration  induced  by 
RF  power  generating  elements  and  by  the  RF  itself.  The 
second  part  will  deal  with  the  transfer  of  vibration  from 
surface  to  the  tunnel  invert. 


Figure  1:  Cross-section  of  support  and  beam  tunnels. 


RF  VIBRATION  CHARACTERIZATION 

At  first,  we  will  focus  on  the  vibration  contribution  of 
high  power  generating  RF  components.  The  study  was  car¬ 
ried  out  near  the  supporting  structure  of  the  8  pack  project 
[1].  The  8  pack  project  is  the  test  bench  of  klystrons  and 
their  modulator  to  produce  high  power  RF  for  the  Next  Lin¬ 
ear  Collider  Test  Accelerator  (NLCTA).  One  of  the  geo- 

*  Work  supported  by  the  U.S.  Department  of  Energy,  Contract  DE- 
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phone  sensors  was  placed  at  the  base  of  the  modulator  at 
76  cm  above  the  concrete  floor  and  the  second  one  was  lo¬ 
cated  on  the  concrete  floor  at  ~1.2  m  away  from  the  base 
of  the  modulator  support,  or  at  its  base  (0  m).  The  signals 
of  the  Mark-4  geophones  were  measured  simultaneously. 

We  performed  tests  in  two  different  conditions  of  the 
modulator.  In  the  first  case,  the  water  cooled  modulator  was 
under  a  20  kV  voltage  and  was  running  at  30  Hz  or  10  Hz 
(at  this  voltage  the  klystrons  was  not  conducting,  thus  did 
not  deliver  RF  power).  In  the  second  case  the  modulator 
was  running  at  10  Hz  and  was  under  400  kV  (the  klystron 
was  delivering  -40  MW  of  RF  power  at  1.6  (is). 

Fig.2  shows  the  response  of  the  sensors  vs  times  for  the 
modulator  under  a  20  kV.  In  this  case  the  modulator  was 
running  at  different  frequencies.  The  seismometer  located 
at  the  base  of  the  modulator  clearly  shows  vibrations  due 
to  modulator  pulsed  operation,  while  the  geophone  located 
on  the  concrete  floor  does  not  indicate  any  change  due  to 
the  modulator  running  conditions. 


time:  s 


Figure  2:  Response  of  the  geophones  when  the  modulator 
was  running  at  different  frequencies  or  was  switched  off. 
Note  the  difference  of  the  scales. 

Fourier  analysis  also  does  not  reveal  any  additional 
noises  due  to  modulator  on  the  floor.  Fig. 3  and  Fig.4  show 
the  average  integrated  displacement  (ADD)  of  the  two  seis¬ 
mometers.  The  blue  lines  are  the  response  of  the  sensor 
placed  at  the  base  of  the  modulator,  where  the  difference 
between  the  modulator  on  and  off  cases  is  clearly  seen.  The 
green  lines  are  the  response  of  the  sensor  placed  on  the  con¬ 
crete  floor  either  at ->1.2  m  or  at  the  base  of  the  stand  (0  m), 
and  the  on  and  off  cases  overlap. 

Interesting  that,  when  the  modulator  is  under  400  kV  and 
delivering  power  to  the  klystron,  its  vibration  is  slightly  less 
than  for  a  20  kV  running  modulator.  One  can  also  note  that 
background  noise  was  different  in  the  conditions  of  Fig.3 
and  Fig.4  (see  green  curves  below  60  Hz)  which  was  due  to 
different  level  of  activity  of  the  construction  crew  working 
at  NLCTA. 
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The  main  conclusion  of  the  modulator  vibration  study 
is  that  the  transmission  of  vibration  from  the  modulator  to 
the  concrete  floor  is  not  significant,  and,  on  the  level  of 
background  noise  at  NLCTA,  not  noticeable. 


Figure  3:  Average  Integrated  Displacement  (AID)  of  the 
seismometers  when  located  at  the  base  of  the  modulator 
and  on  the  floor  at  ~  1.2  m  of  the  supporting  structure.  The 
modulator  is  under  20  kV. 


Figure  4:  AID  of  the  seismometers  when  located  at  the  base 
of  the  modulator  and  on  the  floor  0  m  of  the  supporting 
structure.  The  modulator  is  under  400  kV. 

We  also  studied  vibrations  of  accelerating  structures  due 
to  cooling  water  (reported  earlier,  see  [2]),  and  due  to  RF 
pulse  (presented  below).  When  the  klystrons  are  delivering 
power,  the  RF  heating  produces  acoustical  vibration  in  the 
accelerating  structure.  Possible  vibration  produced  by  the 
RF  were  measured  by  3  piezo-accelerometers  placed  on  the 
accelerating  travelling  wave  structure  bolted  on  its  support 
or  girder,  placed  on  the  girder,  and  placed  on  the  waveg¬ 
uide.  The  X-rays  coming  out  from  the  structure  when 
filled  by  the  RF  did  not  affect  the  measurements  of  our  ac¬ 
celerometers. 

These  measurements,  Fig.5,  show  that  feeding  a  struc¬ 
ture  (60  cm  long  travelling  wave  structure  H60Vg3R),  via 
its  waveguide,  with  100  MW  at  400  ns  of  RF  power  at 
60  Hz  (corresponded  to  about  70  MV/m  accelerating  gradi¬ 
ent)  does  not  lead  to  any  significant  increase  of  vibration  in 


Figure  5:  AID  for  the  structure  and  its  connected  waveg¬ 
uide  when  cooled  or  not  with  water  (dot  and  dashed  line) 
then  when  cooled  and  fed  with  RF. 


comparison  to  vibrations  produced  by  cooling  water.  The 
water  induced  vibrations  dominate,  but  they  are  tolerable, 
since,  with  an  appropriate  design,  the  vibration  transmis¬ 
sion  to  the  linac  quadrupoles  is  rather  small  [2].  Vibration 
of  the  loosely  supported  RF  waveguide  is  higher  than  of 
the  RF  structure,  but  apparently  this  does  not  significantly 
increase  vibration  of  either  structure  or  the  quadrupoles. 


VIBRATION  TRANSFER  FROM  SURFACE 
TO  BEAM  TUNNEL 

One  of  the  questions  to  be  addressed  is  whether  there  is 
a  significant  difference  in  the  vibration  attenuation  charac¬ 
teristics  between  a  tunnel  bored  at  great  depth  (in  bedrock) 
or  excavated  in  cut-and-cover  construction  at  lesser  depth, 
with  regard  to  vibrations  generated  at  the  surface.  A  study 
was  carried  out  at  SLAC  [3],  representing  the  vibration  at¬ 
tenuation  characteristics  of  the  soil,  assuming  the  SLAC 
beam  line  housing  to  be  representative  of  a  cut-and-cover 
construction.  The  second  vibration  measurement  study  is 
currently  underway  in  the  Red  Line  tunnels  in  Los  Ange¬ 
les.  This  study  will  establish  the  vibration  characteristics 
between  two  tunnels,  along  the  tunnel  as  well  as  from  sur¬ 
face  to  the  tunnel.  The  following  is  a  brief  presentation  of 
data  from  the  study  carried  out  at  SLAC. 
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Figure  6:  Relative  locations  of  sources  and  receptors  (scale 
in  feet). 

Fig. 6  shows  the  relative  locations  of  sources  and  the  re¬ 
ceivers.  The  receivers  locations  were  on  the  floor  along  the 
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centerline  of  the  beam.  The  sources  were  on  the  ground 
surface.  Drive  location  SI  was  at  the  same  approximate 
elevation  as  of  the  Klystron  gallery  floor,  which  lies  about 
36  ft  (  1 1  m)  above  the  elevation  of  the  receiver  locations. 
Drive  location  S2  was  about  10  ft  ( 3  m)  uphill  from  SI. 


Fr«qu«ncy.  Hz 

Figure  7:  Typical  response  at  R1  to  hammer  blow  at  SI, 
with  ambient  atRl. 

Fig.7  shows  two  spectra.  One  is  the  ambient  measured  at 
the  receiver  location  Rl.  The  other  is  a  fast  Fourier  trans¬ 
form  of  the  response  to  several  hammer  blows.  Several 
observations  may  be  made.  The  peaks  at  60  Hz  and  120  Hz 
are  electronic  artefacts.  The  peaks  centered  at  r>j  8.75  Hz 
and  at  ~  14.25  Hz  in  both  ambient  and  response  have  a 
nearly  identical  amplitudes.  The  peak  at  18.75  Hz  has  a 
slightly  different  amplitude.  At  these  frequencies,  the  “re¬ 
sponse”  (red  line)  is  being  governed  more  by  ambient  than 
by  the  input  force,  so  the  transfer  functions  derived  from 
the  “response”  will  be  invalid.  The  “ambient”  (blue  line)  at 
frequencies  less  than  7  Hz  (in  this  case)  lies  above  the  “re¬ 
sponse”.  This  suggests  that  there  is  some  variability  to  the 
ambient  environment  at  these  low  frequencies,  and  these 
will  degrade  the  accuracy  of  transmission  function  at  lower 
frequencies. 


io  ioo 
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Figure  8;  Log-mean  ground  transmission  from  the  drive 
point  SI-  heavily  smoothed. 


Fig.  8  shows  a  smoothed  spectra  which  were  calculated 
by  log  averaging  the  amplitudes  over  a  10  Hz  interval  cen¬ 
tered  on  the  plotted  point.  It  provides  the  transfer  function 
(showing  change  of  amplitude)  measured  at  Rl  to  R5  using 
S 1  as  a  drive  point,  Fig.6. 


Source  (SI)  to 
Receiver(m) 

Attenuation  at  Given  Frequency 

10  Hz 

20  Hz 

30  Hz 

60  Hz 

Rl(39) 

0.024 

0.0084 

0.012 

0.005 

R2(40.2) 

0.012 

0.012 

0.014 

0.004 

R3(48.6) 

0.011 

0.0084 

0.006 

0.001 

R4(69.9) 

0.010 

0.004 

0.002 

0.001 

R5(86.7) 

0.005 

0.002 

0.0009 

0.0003 

Table  1:  Attenuation  factor,  refering  to  Fig.6. 


The  Table  1  summarizes  the  apparent  attenuation  at  sev¬ 
eral  frequencies  at  which  mechanical  equipment  usually 
operates.  The  figures  in  Table  1  represent  the  attenuation 
factor  A  for  a  vibration  with  its  source  near  SI  propagat¬ 
ing  along  the  same  path.  Let  us  give  an  example  how  such 
data  can  be  used.  Suppose  a  pump  is  installed  at  SI,  and 
it  produces  vibrations  at  30  Hz  of  amplitude  X.  The  ampli¬ 
tude  at  30  Hz  that  we  would  measure  at  R5  would  be  the 
greater  of  either  ambient  or  0.0009X.  Suppose  we  take  the 
ambient  measured  shown  for  the  tunnel  in  (Fig.7)  as  repre¬ 
sentative  the  tunnel  in  general.  The  amplitude  at  30  Hz  is 
about  1.5  /i m/s.  If  we  were  to  place  a  pump  at  SI  and  be 
sure  to  avoid  having  its  vibrations  exceed  ambient  at  R5, 
we  would  need  to  impose  a  limit  on  the  resulting  vibration 
at  SI  of  1.5/0.0009=1.7  mm/s. 

CONCLUSION 

It  has  been  shown  that  the  vibration  transmitted  by 
the  RF  generating  equipment  to  the  floor  is  insignificant. 
Hence,  klystrons  and  or  modulators  running  in  the  Sup¬ 
port  tunnel  of  the  NLC  should  not  effect  alignment  of  the 
Linac.  Vibration  contribution  of  an  RF  pulse  to  an  accel¬ 
erating  structure  has  also  been  found  negligible  relative  to 
water-cooling.  Thus,  it  leaves  electrical  and  mechanical 
rotating  equipment  as  possibly  a  dominating  source  of  vi¬ 
bration.  The  attenuation  factors  presented  in  the  paper  can 
be  used  in  planning  stage  of  the  NLC  project  for  specifying 
and  locating  the  mechanical  rotating  equipment,  as  well  as 
to  assess  their  vibration  effects  on  the  focusing  components 
on  the  Main  Linac  and  provide  a  means  for  establishing  the 
vibration  budgeting  scheme  for  the  project. 
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CAPTURE  AND  POLARIZATION  OF  POSITRONS  IN  A  PROPOSED  NLC 

POLARIZED  POSITRON  SOURCE* 

Y.K.Batygin  and  J.C.Sheppard,  SLAC,  Stanford,  CA  94309,  USA 


Abstract 

A  proposed  NLC  polarized  positron  source  utilizes  a  150 
GeV  electron  beam  passing  through  a  helical  undulator. 
The  resulting  flux  of  polarized  photons  is  converted  in  a 
thin  positron  production  target.  Spin  polarized  positrons 
are  captured  using  a  high  field  flux  concentrator  followed 
by  an  accelerator  section  immersed  in  a  solenoidal  field. 
Positron  tracking  through  the  accelerating  and  focusing 
systems  is  done  together  with  integration  of  spin 
precession.  Optimization  of  the  collection  system  is 
performed  to  insure  high  positron  yield  into  the  6- 
dimensional  acceptance  of  the  subsequent  pre-damping 
ring  while  keeping  the  high  value  of  positron  beam 
polarization. 

INTRODUCTION 

The  original  proposal  on  polarized  positron 
production  specifically  for  linear  colliders  was  made  in 
Ref.  [1].  It  incorporates  an  idea  to  utilize  a  helical 
undulator  to  produce  circularly  polarized  photons  which, 
being  directed  onto  the  target,  create  polarized  positron- 
electron  pairs.  A  proposed  NLC  polarized  positron  source 
includes  a  helical  undulator,  a  production  target  followed 
by  a  short  solenoid  with  a  strong  magnetic  field  (flux 
concentrator),  a  250  MeV  linac  with  0.5  Tesla  focusing 
solenoids  and  a  1 .76  GeV  booster  linac  with  quadrupole 
focusing.  Parameters  of  the  positron  injector  are 
summarized  in  Table  1.  Collected  positrons  are  cut  by  a  6- 
dimensional  acceptance  of  the  positron  pre-damping  ring 
(PPDR).  At  the  injection  point  into  pre-damping  ring,  the 
positron  beam  is  cut  transversely  by  the  transverse 
acceptance  of  0.03  n  m-rad  and  in  energy  spectrum  to  2%, 
which  corresponds  to  energy  interval  of  40  MeV.  The 
ultimate  goal  of  the  collector  system  is  to  provide  the 
highest  number  of  positrons  within  the  6-dimensional 
acceptance  of  the  pre-damping  ring  keeping  longitudinal 
polarization  of  the  beam  as  high  as  possible. 


Table  1.  NLC  polarized  positron  injector  parameters. 


Parameter 

Value 

Electron  beam  energy 

150  GeV 

Electrons/Bunch 

8-1 09 

Bunches  /  pulse 

192 

Pulses/sec 

120 

Undulator  type 

Helical 

Undulator  Parameter,  K 

1 

Undulator  Period 

1  cm 

First  Harmonic  Cutoff  En. 

10.7  MeV 

dNy/dL 

2.6  photons/m/e' 

Undulator  Length 

132  m  t 

Photon  Collimator  Trans. 

0.5 

Target  Material 

Ti-alloy 

Target  Thickness 

0.5  R.L. 

Yield  (N+/Nv) 

2.9-1 0~ 2  t 

Capture  Efficiency 

0.2 

Positrons/Pulse 

1.5-1012 

Positrons/Bunch 

8409 

Positron  Polarization 

0.6 

t  Length  for  unity  gain  e+/e';  J  Yield  for  cut  spectrum 


POLARIZED  POSITRON  TRACKING 

Positron  tracking  from  the  target  to  end  of  1 .9  GeV 
linac  is  performed  using  BEAMPATH  [2].  The  initial 
positron  distribution  after  interaction  of  photon  beam  with 
a  0.5  RL  Ti  target  was  calculated  using  the  EGS4  program 
[3],  adapted  for  polarized  beams  [4,  5].  Particle  tracking 
was  accompanied  with  integration  of  the  Thomas-BMT 
equation  [6],  describing  the  precession  of  the  spin 
vector  S : 

dS  eS  _  _  y  ExB 

—  =  —  x[(i+  gr)B±  +  (1  +  g)Bn  +  (gr  +  —)—]  ,(i) 

dt  my  1  +  y  c 
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Table  2.  Yield  of  positrons  with  respect  to  incident  y  -flux. 


Energy  of  1st 
harm,  cutoff, 
MeV 

Positron  yield  at  the 
target,  Ne+  ,target/Nr 

Positron  capture  at  1.9 

Ne+  ,1.9Gev/Ne+>target 

Positron  yield  at  1.9 
GeV,  Ne+  ,i.9Gev/Ny 

Positron 

polarization,  <Pz> 

10.7 

0.029 

0.20 

5.8- 10'3 

0.59 

30 

0.11 

0.058 

6.4- 10-3 

0.59 

60 

0.17 

0.026 

4.4- 10-3 

0.59 

y  i011)  Energy  <MeV) 

Fig.  2.  (Blue)  initial  distribution  of  positron 
generated  by  10.7  MeV  y-flux,  (red)  positron 
accepted  at  1 .9  GeV,  (green)  area  of  0.03  n  m  rad. 


y  (cmj  Energy.  MeV 

Fig.  3.  (Blue)  distribution  of  positrons  at  1.9  GeV, 
(red)  emittance  area  of  0.03  n  m  rad  and  AE/E=2%. 


where  g  is  the  anomalous  magnetic  moment  of  the 
positron,  E  is  the  electrical  field,  and  B^_  and  Bjj  are 

components  of  the  magnetic  field  perpendicular  and 
parallel  to  particle  velocity.  Initially  the  spin  vector  of 
each  positron  is  pointed  along  the  momentum  vector. 
During  beam  transport,  the  spin  vector  precesses,  resulting 
in  the  depolarization  of  the  beam.  We  define  the 
longitudinal  polarization  as  an  average  of  the  product  of 
the  longitudinal  component  Sz  and  the  value  of 
polarization,  P,  over  all  positrons: 

<p,>=jris?pu.  (2) 

f=l 

The  initial  value  of  longitudinal  polarization  is  <PZ>  = 
0.43.  Polarization  of  the  final  beam  depends  strongly  on 
the  energy  of  accepted  particles  and  is  typically  in 
contradiction  with  the  value  of  positron  capture.  Below, 
several  different  schemes  of  positron  injection  are 
considered. 

POSITRON  BEAM  DYNAMICS 

Figs.  2,  3  illustrate  dynamics  of  the  positron  beam 
created  by  a  K=l,  helical  undulator  spectrum  of  photons 
with  a  first  harmonic  cutoff  energy  of  10.7  MeV  (note: 
only  the  first  4  undulator  radiation  harmonics  are 
included)  [7].  Initial  beam  after  the  target  has  an  energy 
spread  of  0-30  MeV  and  normalized,  rms  emittance  of 
0.0095  n  m-rad  (see  Fig.  2).  The  target  is  followed  by  a 
flux  concentrator  [8],  which  is  a  solenoid  with  a  sharp 
increase  in  magnetic  field  up  to  peak  value  of  5.8  Tesla  at 
a  distance  of  5  mm  from  the  target  and  an  adiabatic 
decrease  of  the  field  over  a  distance  of  15  cm.  An 
additional  magnetic  field  of  1.2  Tesla  at  the  target  is 
required  to  confine  the  emitted  positron  beam  with  its 
large  momentum  spread. 

The  flux  concentrator  is  followed  by  a  250  MeV  linac 
with  an  effective  accelerating  gradient  of  25  MeV/m  and 
transverse  focusing  by  a  0.5  Tesla  solenoid  field.  After 
acceleration  to  250  MeV,  positrons  are  accelerated  in  a 
linac  with  quadrupole  focusing  and  an  accelerating 
gradient  of  15  MeV/m.  During  acceleration,  high  energy 
particles  are  placed  on  the  top  of  accelerating  field. 
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y(cm)  Energy,  MeV 

Fig.  4.  (Blue)  1.9  GeV  distribution  of  positrons  at  RF 
phase  in  linac  (p  =  -11.5°,  (red)  emittance  of  0.03  n  m  rad 
and  AE/E  =  2%. 

This  gives  the  possibility  to  retain  the  original  particle 
energy  distribution  and  not  to  mix  high  energy,  high 
polarized  positrons  with  low  energy,  low  polarized 
positrons.  At  the  energy  of  1.9  GeV,  20%  of  the  initial 
positrons  are  within  the  6-dimensional  phase  space 
acceptance  with  an  average  polarization  of  <  Pz  >  =  0.59. 

To  provide  higher  positron  transmission,  the  high- 
energy  positrons  might  be  shifted  in  RF  phase  with  respect 
to  peak  of  RF  voltage.  Fig.  4  illustrates  results  of  positron 
capture  simulation  in  case  the  RF  phase  shift  in  1.76  GeV 

linac  is  selected  to  be  (p  =  -  11 .5°.  The  value  of  RF  phase 
shift  is  adjusted  in  such  a  way  that  the  energy  difference  in 
head  particles  and  top-energy  particles  is  within  the 
interval  of  AE/E  =  2%.  It  provides  the  value  of  positron 
capture  of  26%  while  beam  polarization  is  kept  as  high  as 
<PZ  >  =  0.56. 

Increasing  of  the  energy  of  incoming  photons  results 
in  wider  energy  spectrum  of  outgoing  photons.  Table  2 
contains  results  of  capture  of  positrons  created  by  the  K=l, 
helical  undulator  spectrum  with  first  harmonic  cutoff 
energies  of  10.7  MeV,  30  MeV  and  60  MeV.  According  to 
EGS4  simulations,  the  distribution  of  positron  polarization 
as  a  function  of  energy  remains  qualitatively  the  same,  but 
is  scaled  to  a  wider  energy  interval.  The  fraction  of 
captured  positrons  is  0.058  for  positrons  generated  by  the 
30  MeV  cutoff  y  -flux,  and  0.026  for  that  generated  by 
the  60  MeV  cutoff  y -flux.  These  values  are  substantially 
smaller  than  the  value  of  capture  of  positrons  created  by 
10.7  MeV  y-  flux.  However,  the  target  conversion  rate 
from  photons  to  positrons  increases  with  the  energy  of 
incoming  photons.  From  Table  2  it  follows  that  the  value 
of  position  yield  at  1.9  GeV  is  of  the  order  of  (4...6)T0“^ 
and  is  a  weak  function  of  energy  of  y  -  flux. 


Table  3.  Capture  and  polarization  of  positrons  obtained 
from  10.7  MeV  y-flux. 


After 

target 

End  of  1.9 
GeV  linac, 

Btareet=l-2T 

End  of  1.9 
GeV  linac, 

Btar2et”b.4T 

Fraction  of  positrons 
within  ex,8y<0.03  k 
m  rad,  AE=±  20MeV 

0.72 

0.20 

0.29 

Positron  polarization, 

<Pz> 

0.43 

0.59 

0.55 

OPTIMIZATION  OF  POSITRON 
TRANSMISSION 


According  to  design,  the  positron  production  target  is 
surrounded  by  tapered  solenoidal  magnetic  field  of  Bt=  1.2 
Tesla  followed  by  a  strong  magnetic  field  of  flux 
concentrator  with  a  total  peak  field  of  BFC  =  6.4  Tesla.  The 
sharp  change  in  magnetic  field  at  the  injection  is  a  barrier 
for  low-energy  positrons.  Transverse  momentum  of  the 
particle  after  injection  is 

&T 

P<p  ~  P <po  +y  (#fc  “  Bt)  *  (3) 

Assuming  an  initial  value  of  azimuthal  momentum  is 
p<po  =  0  and  beam  radius  of  r  =  2  mm,  the  value  of 

azimuthal  momentum  after  injection  is  =3.1  MeV/c. 

Total  particle  momentum  in  magnetic  field  is  conserved, 
which  means  that  low-energy  particles  with  smaller 
energy  are  reflected  from  the  target.  This  gives  the  idea 
that  if  target  is  placed  inside  magnetic  field  of  flux 
concentrator,  this  barrier  is  removed  and  more  positrons 
can  be  captured.  Simulations  indicate  that  it  results  in 
significant  increase  (up  to  29%)  of  the  value  of  positron 
capture  (see  Table  3). 
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A  TEST  OF  NLC-TYPE  BEAM  LOADING  IN  THE  SLAC  LINAC* 

F.-J.  Decker,  T.O.  Raubenheimer,  A.  Seryi,  J.L.  Turner,  M.  Woods,  J.  Yocky, 
SLAC,  Stanford,  CA  94309,  USA 


Abstract 

The  linac  at  the  Stanford  Linear  Accelerator  (SLAC) 
runs  routinely  with  a  beam  loading  of  around  12%  for  the 
fixed  target  experiment  E-158.  Typical  energy  spread  and 
energy  jitter  are  0.1%  and  0.05%.  To  explore  the 
conditions  for  the  Next  Linear  Collider  (NLC)  the  linac 
was  operated  with  20%  beam  loading.  This  was  attained 
by  increasing  the  beam  charge  from  5- 101 1  to  91011 
particles  and  increasing  the  pulse  length  from  250  ns  to 
320ns.  Although  the  beam  loading  compensation  was 
more  difficult  to  achieve,  a  reliable  operating  point  was 
found  with  a  similar  energy  spread  and  energy  jitter  as  at 
the  lower  loading.  Furthermore,  using  the  sub-harmonic 
buncher  (SHB),  the  beam  was  bunched  at  178.5  MHz 
instead  of  the  nominal  2.8  GHz  so  that  the  charge  from  16 
adjacent  buckets  was  combined  into  one.  Increased 
transverse  instability  and  beam  losses  along  the  linac 
were  observed  indicating  the  possible  onset  of  beam 
break-up. 

1  INTRODUCTION 

The  fixed  target  experiment  E-158  has  similar 
parameters  (not  including  the  emittance)  to  the  NLC 
(Tab.l).  The  main  differences  are  total  charge  and  the 
bunch  spacing.  Two  different  experiments  were  done  at 
the  end  of  E-158  Run  II  in  the  fall  of  2002. 


Parameter 

E-158 

NLC-500 

Charge/Train 

6  x  1011 

14.4  x  10“ 

Repetition  Rate 

120  Hz 

120  Hz 

Energy 

45  GeV 

250  GeV 

e-  Polarization 

'-80% 

80% 

Train  Length 

270ns 

267ns 

Microbunch  spacing 

0.3ns 

1.4ns 

Beam  Loading 

13% 

22% 

Energy  Spread 

0.15% 

0.16% 

Intensity  Jitter 

0.5%  rms 

0.5%  rms 

Energy  Jitter 

0.03%  rms 

0.3%  rms 

Transverse  Jitter 

5%  of  spotsize  (x  or  y) 

22%  of  x  spotsize, 
50%  of  y  spotsize 

Table  1:  Comparison  of  E-158  and  NLC  parameter. 


First  the  charge  and  pulse  length  was  raised  at  a  lower 
energy  to  accommodate  the  additional  beam  loading. 
Then  the  sub-harmonic  buncher  was  switched  on  which 
puts  the  charge  in  every  16th  S-band  bucket  resulting  in  a 


*Work  supported  by  Department  of  Energy  contract  DE-AC03-76SF00515. 


bunch  spacing  of  5.6  ns.  These  two  setups  had  quite  some 
different  difficulties,  the  first  one  getting  the  beam 
through  the  injector  chicane  (160  MeV  point),  the  second 
one  had  signs  of  beam  losses  in  the  linac  (beam  break  up). 

2  INJECTOR 

2. 1  Phase  Loading 

The  beam  loading  in  the  injector  region  is  especially 
tricky,  since  the  beam  is  not  at  the  crest  of  the  RF  curve 
and  therefore  creates  in  general  amplitude  and  phase 
variations  along  the  beam.  The  phase  loading  is  strongest 
in  the  capture  region  where  the  velocity  is  still  far  below 
the  speed  of  light.  A  pulsed  phase  shifter,  which  quickly 
reverts  the  phase  by  180°  is  installed  at  the  klystron, 
which  feeds  the  first  acceleration  section.  A  problem 
arises  from  the  fact  that  it  also  feeds  via  a  high  power 
splitter  a  4-cell  S-band  buncher  just  in  front  of  this 
section.  So  any  necessary  adjustments  cannot  be 
optimized  independently.  Another  problem  is  also  the 
fixed  180°  phase  flip.  Here  a  slower  change  of  the  order 
of  the  pulse  length  and  with  a  variable  amount  in  phase 
would  help  the  high  charge  setup. 

At  the  chicane  a  beam  energy  spread  along  the  pulse 
would  create  different  phases  along  the  main  linac.  A  4° 
variation  is  normally  already  observed  in  E-158  with 
6T011  particles.  Higher  currents  make  this  more  difficult 
to  compensate.  This  compensation  can  have  different 
setups,  first  with  energy  and  phase  all  the  same,  or  phase 
and  energy  in  such  a  way  that  together  with  the  following 
linac  the  end  energy  variation  is  compensated.  A  special 
scenario  exists  when  a  charge-induced  phase  offset  can 
reduce  the  energy  jitter  at  the  end  [1]. 

2.2  Diagnostics 

Behind  the  capture  section  is  a  toroid  and  a  gap 
monitor.  Figure  2  shows  the  toroid  signal  with  and 
without  the  sub-harmonic  buncher  (SHB).  The  sloped 
down  distribution  in  necessary  to  achieve  the  best  beam 
loading  compensation  and  a  small  energy  spread.  The 
individual  bunches  which  are  5.6  ns  apart  can  be  better 
resolved  by  a  gap  monitor,  where  the  RP  coming  out  of  a 
ceramic  gap  is  measured  by  a  crystal  detector.  This  devise 
is  also  sensitive  to  the  bunch  length  (Fig.  3). 

3  LINAC 

3.1  Beam  Break-Up 

The  long  pulse  current  of  about  450  mA  (9*  1011 
particles  or  nearly  150  nC  in  320  ns)  is  much  higher  than 
was  achieved  many  decades  ago  in  the  SLAC  linac. 
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Figure  1 :  The  current  signal  of  a  fast  toroid  shows  the 
sloped  distribution  (50  ns/di v).  Individual  bunches  have 
more  charge  and  can  nearly  be  resolved  with  the  SHB  on. 


Figure  2:  Gap  monitor  showing  the  beginning  of  the 
bunch  train  (5  ns/div). 


^ breakup  (^-4)  ^  ^ 

<P  focusing  strength  of  quad  lattice 
£  energy  gradient 
Z  length  of  Linac 
T  pulse  length _ 

The  reasons  are  the  higher  RF  gradient  due  to  SLED,  a 
stronger  quadrupole  focusing  introduced  for  the  SLC,  the 
shorter  beam  pulse  (<500  ns  instead  of  1.5  gs),  and  the 
early  dimpling  of  cell  3,  4,  and  5  in  some  accelerator 
sections,  which  changed  the  4140  MHz  transverse 
deflecting  mode. 


No  beam  break-up  [2,3,4]  was  observed  when  the  sub¬ 
harmonic  buncher  was  turned  off  and  each  consecutive 
bucket  was  filled.  As  soon  as  the  SHB  was  turned  on  the 
injector  had  actually  less  problems,  but  there  was  beam 
loss  observed  in  the  linac  when  the  pulse  was  lengthened 
above  90  ns.  Figure  3  shows  the  beam  spot  of  a 
synchrotron  light  monitor  (SLM)  in  the  following  A-Line 
at  a  high  dispersion  in  x.  The  top  shows  a  long  pulse  (320 
ns)  were  the  energy  spread  is  not  totally  compensated, 
while  the  bottom  shows  a  shorter  pulse  (and  therefore  less 
energy  variation)  with  a  blow-up  in  y.  This  is  an 
indication  of  beam  break-up,  which  should  be  first  visible 
in  y,  since  the  RF  couplers  are  in  x  and  therefore  the  x 
transverse  mode  can  better  decay. 


Figure  3:  Beam  spot  on  Synchrotron  Light  Monitor. 


3.2  BPMat  End  of  Linac 
A  quick  check  to  look  at  the  raw  BPM  signal  is  shown 
in  Fig.  4.  The  signal  didn’t  show  any  instability,  but  it  was 
in  x  and  the  pulse  was  reduced  just  to  80  ns  to  minimize 
losses  in  the  linac. 


Figure  4:  BPM  raw  signal  at  the  end  of  linac. 
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4  A-LINE 

4. 1  Gated  Camera 

The  A-Line  bents  the  beam  to  the  fixed  target 
experiment  E-158  in  Endstation  A.  The  bending  creates 
synchrotron  radiation,  which  is  monitored  by  a  gated 
camera.  The  gate  was  fully  open  for  Fig.  3,  but  can  be 
reduced  down  to  60  ns,  so  the  energy  and  energy  spread 
along  the  pulse  can  be  measured  (Fig.  5).  This 
measurement  is  normally  used  to  fine-tune  the  charge 
distribution  so  that  there  is  no  energy  variation  along  the 
pulse.  This  was  not  done  in  this  case  leaving  about  a  100 
MeV  slope.  The  energy  spread  also  shows  some  increased 
values  near  the  tail  end  of  the  pulse.  This  can  be  the  case 
if  the  tail  shifts  in  phase  and  therefore  is  further  off  the 
crest  of  the  RF. 


to  check  or  quantify  any  possible  beam  loss.  On  the  other 
hand  any  substantial  loss  in  the  main  linac  would  have 
triggered  the  Machine  Protection  System,  which  would 
have  caused  the  beam  to  rate  limit  or  trip  off. 

4,3  Beam  Loading  and  Jitter 
The  beam  energy  of  the  A-line  was  lower  to  40  GeV  to 
accommodate  a  beam  loading  up  to  25%  or  1.41012 
particles  in  a  450  ns  pulse  [5].  About  20%  loading  with 
9-1011  particles  in  320  ns  was  achieved.  With  the  bigger 
loading  the  energy  jitter  of  the  tail  of  the  pulse  also 
increase  since  the  intensity  jitter  was  about  constant. 
Figure  6  shows  the  beam  tail  moving  up  to  ±10  mm  at  the 
highest  dispersion  point  of  tjx  =  5  m  for  charge  variation 
between  7.6  and  7.7- 1011  particles  per  pulse. 


Energy  centroid  for  60ns 


Tail  of  pulse  beam  loading 


300ns  pulse 


-  r  — 


CD 


--4  -1.3  -1,2 


TPTfi  ftFrtt  tf ?  PFft-  ( “  t  I  TF1 ) 

1 .  I  | - - J - 1 - 1 . . ) . . I _ 


-1  4  -1  3  -12  -1  1 


TPT*  l(t;  FFftM  i.SuITfl) 


Figure  5:  Energy  and  energy  spread  along  the  beam  pulse. 
4.2  Toroids 

The  toroids  in  the  injector  and  linac  were  all  saturating 
and  only  A-Line  toroids  were  measuring  the  transported 
charge  up  to  9-1011  particles  per  pulse.  So  it  was  difficult 


TCRO  ABOl  60  TMIT 


Figure  6:  Beam  loading  measured  for  the  tail  of  the  pulse. 

5  SUMMARY 

Although  this  test  was  done  with  not  much  time  in  the 
last  shift  of  the  E-158  experiment  before  Thanksgiving  of 
2002,  it  accomplished  quite  some  results.  A  peak  charge 
of  9-1011  particles  in  320  ns  at  40  GeV  in  a  stable 
condition,  with  problems  near  the  160  MeV  chicane.  And 
beam  break-up  effects  in  the  linac  for  pulse  length  over 
90  ns.  Analytical  and  simulation  efforts  were  not  done  yet 
to  check  whether  these  results  are  within  the  expectations. 
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Abstract 

To  fully  characterize  the  luminosity  performance  of  a 
linear  collider,  it  is  important  to  simulate  the  effects  of 
ground  motion  as  well  as  the  beam-beam  feedback  and 
other  stabilization  systems  planned  to  compensate  for 
that  motion.  The  linear  collider  simulation  codes  have 
recently  been  extended  to  include  both  ground  motion 
models  and  stabilization  systems  to  support  the  work  of 
the  International  Linear  Collider  Technical  Review 
Committee  (TRC)  [1].  This  paper  discusses  the 
implementation  details  and  the  optimization  strategies 
for  interpulse  beam-beam  feedback. 

INTRODUCTION 

One  of  the  TRC  tasks  was  to  evaluate  strategies  for 
keeping  the  beams  in  collision.  Although  simplified 
assumptions  were  used,  the  studies  provide  an  initial 
look  at  operation  of  a  linear  collider  and  a  basis  for 
more  detailed  future  work.  For  NLC,  CLIC  and 
TESLA,  simulations  included  initial  imperfections, 
realistic  ground  motion  models,  stabilization  of  the 
beam  collisions  at  the  interaction  point  (IP),  and 
vibration  of  the  final  doublet.  Results  of  these 
simulations  are  reported  separately  [2]. 

Simulation  Platform 

Many  of  the  simulations  were  performed  using  Matlab- 
LIAR  [3],  interfaced  to  Guinea-Pig  [4]  to  simulate  the 
beam-beam  effects.  MATLAB  provides  a  flexible 
simulation  platform,  LIAR  incorporates  fast  wakefield 
tracking  with  emittance  dilution  effects,  and  the 
DIMAD  tracking  engine  is  used  for  regions  with 
nonlinear  focusing  elements,  including  the  beam 
delivery,  where  wakefields  are  not  a  concern.  A  full 
ground  motion  simulation  [5]  is  included,  with 
diffusive  (“ATL”)  motion  as  well  as  cultural  noise. 
There  are  optional  transfer  functions  at  specified 
locations.  In  particular,  vibration  of  the  final  doublet 
has  a  significant  effect  on  the  collisions  at  the  IP,  and  it 
is  important  to  include  effects  of  additional  vibration 
and  any  active  stabilization  [6]. 

In  other  simulations,  the  code  PLACET  [7]  was  used 
with  Guinea-Pig.  The  code,  which  uses  tcl-tk  as  an 
interface  language,  was  extended  to  perform  tracking  in 
nonlinear  elements  and  to  allow  the  simulation  of 
ground  motion.  A  simplified  modeling  of  the  effect  of 
slow  feedbacks  on  the  fast  motion  was  incorporated. 

*  Work  supported  in  part  by  US  DOE,  contract  DE-AC03- 

76SF00515. 


Initialization  of  Imperfect  Machine  States 

In  all  proposed  linear  colliders,  the  beam  emittance  will 
increase  during  transport  from  damping  rings  to  IP 
even  after  all  means  of  emittance  preservation  have 
been  implemented.  Although  details  of  the  simulation 
strategy  are  described  elsewhere  [8],  it  is  important  to 
note  that  the  characteristics  of  the  beam-beam 
deflection  are  affected  by  the  initial  state  of  the 
machine  and  thus  the  optimal  strategies  for  feedback 
design  must  include  consideration  of  these  effects.  For 
these  simulations,  only  the  main  linac  and  beam 
delivery  system  (BDS)  were  considered.  The  BDS  was 
treated  as  perfect  (i.e.  with  no  initial  static  errors).  To 
streamline  the  calculations,  alignment  procedures  were 
modeled  with  a  simplified  method  which  should  mimic 
the  behavior  of  the  complex  algorithms.  The  simulation 
included  RMS  position  errors  of  the  BPMs  and  the 
accelerating  structures  and  tilts  of  the  structures. 
Structure  misalignments  create  emittance  growth 
mainly  due  to  wakefields,  while  misalignment  of  the 
BPMs  leads  to  dispersive  emittance  growth.  A  simple 
one-to-one  trajectory  correction  was  applied  throughout 
the  linac.  Before  entering  the  BDS,  the  mean  offset 
and  angle  of  the  bunch  were  corrected. 

DESIGN  CONSIDERATIONS  FOR 
BEAM-BEAM  FEEDBACK 

An  IP  feedback  system  is  required  to  keep  the  beams 
in  collision  at  the  interaction  point.  Such  a  system  will 
use  the  beam-beam  deflection  as  a  very  precise 
measurement  of  the  beam  separation.  The  TRC  design 
used  the  SLC  feedback  system  [9]  as  a  model,  but 
some  choices  were  re-evaluated  in  view  of  the  likely 
operating  regime  of  a  future  collider.  Three 
considerations  were: 

•  Modeling  the  beam-beam  deflection  curve. 

•  Optimizing  the  feedback  deflection  setpoint 

•  Designing  the  time  response  characteristics  of 
the  feedback  controller. 

Modeling  the  Deflection  Curve 

The  beam-beam  deflection  curve  in  Figure  1  is  a  plot 
of  the  deflection  of  one  of  the  beams,  as  a  function  of 
the  beam-beam  separation  at  the  IP.  The  separation  is 
controlled  by  an  upstream  kicker  or  dipole  corrector. 
The  deflection  curve  is  a  nonlinear  function.  It  may  be 
measured  by  using  the  kicker  or  corrector  to  sweep 
one  beam  across  the  other,  while  measuring  the  beam- 
beam  deflection  with  BPMs  on  either  side  of  the  IP. 
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Figure  1:  Beam-beam  deflection  curve  for  NLC. 
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Figure  2:  Luminosity  as  a  function  of  beam  separation 
for  NLC 


For  SLC  IP  feedback,  a  linear  fit  was  used  based  on  the 
steepest  slope  in  the  central  region.  This  resulted  in  a 
feedback  response  which  would  be  conservatively  slow 
for  large  beam-beam  separations.  For  the  LIAR  TRC 
simulations,  the  deflection  curve  was  modeled  with  a 
piecewise  linear  fit.  This  assumes  that  very  good  data 
may  be  available  in  a  real  collider  even  in  the  presence 
of  beam  jitter.  This  kind  of  “clean”  beam-beam  scan 
may  be  obtained  if  the  scan  can  be  performed  over  a 
single  bunch  train  with  very  fast  kickers.  In  PLACET 
the  feedback  assumed  a  linear  deflection  curve. 
Simulations  indicate  that  the  piecewise  linear  fit  may 
not  be  necessary  and  that  the  simpler  linear  algorithm 
may  be  equally  effective  (see  “Optimization  of 
Feedback”  and  [8]). 

Optimizing  the  Deflection  Setpoint 

Because  the  bunch  shape  may  be  asymmetric,  the 
maximum  luminosity  may  not  be  achieved  when  the 
beams  are  colliding  head-on,  as  shown  in  Figure  2.  It 
is  preferable  to  find  a  feedback  deflection  setpoint 
which  maximizes  the  luminosity.  In  the  SLC,  the 


deflection  setpoint  was  obtained  from  head-on 
collisions  as  determined  by  the  beam-beam  deflection 
fit,  regardless  of  luminosity.  In  PLACET  an 
optimization  routine  used  local  quadratic 
approximations.  In  the  LIAR  TRC  simulations,  an 
asymmetric  Gaussian  was  fit  to  the  luminosity  versus 
position.  This  might  assume  the  existence  of  a  fast  and 
accurate  luminosity  monitor  that  is  proportional  to 
luminosity  or  is  at  least  maximized  with  maximum 
luminosity,  see  [8].  However,  in  operation,  it  is 
possible  to  average  many  pulses  to  reduce  the  effects  of 
monitor  noise  and  beam  jitter,  or  the  setpoint  itself  may 
be  optimized  in  real-time  as  described  later. 

Time  Response  for  Feedback 

In  additional  to  optimal  time  response,  there  are  other 
considerations  in  designing  a  beam-based  feedback 
controller.  Response  speed  must  be  faster  than  or 
comparable  to  what  a  typical  operator  might  be  able  to 
stabilize  manually,  or  the  operator  will  simply  take 
control.  Robustness  during  changing  machine 
conditions  is  also  important.  The  SLC  system  [9]  was 
designed  using  modem  optimal  control  theory.  This 
method  minimized  the  RMS  of  the  beam  state  under 
given  assumptions,  but  was  tuned  to  also  give  a  good 
response  for  a  step  function.  The  feedback  exhibited  an 
exponential  response  with  a  time  constant  of  about  6 
feedback  iterations  (figure  3,  -+).  For  the  SLC  IP 
feedback,  the  controller  had  a  faster  time  response 
(figure  3,  -),  with  additional  complexities.  The  control 
system  included  latency  in  BPM  processing,  computing 
and  actuation,  so  that  the  feedback  was  unable  to 
implement  any  response  to  a  change  within  the  next 
120-Hz  pulse.  This  was  modeled  using  Predictor- 
Corrector  formalism,  but  the  feedback  response 
function  was  adversely  affected.  For  future  colliders,  it 
is  assumed  that  actuation  would  be  effective  on  the 
next  machine  pulse,  resulting  in  an  improved  feedback 
response  function  (figures  3,4,  -o). 
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Figure  3:  Step  response  for  different  feedback 
assumptions. 
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Figure  4:  Feedback  frequency  response  function  for 
different  assumptions  (120-Hz  pulse  rate).  The  “NLC” 
design  (-o),  with  low  latency  and  faster  response,  has 
good  response  without  excessive  amplification. 


OPTIMIZATION  OF  FEEDBACK 

In  addition  to  the  TRC  simulations,  a  separate  effort 
was  made  to  understand  the  sensitivity  of  the  NLC  IP 
feedback  performance  to  different  parameters  and  to 
implement  a  design  which  could  maximize  luminosity 
in  the  presence  of  beam  jitter  and  other  imperfections. 
Three  parameters  were  adjusted  in  simulated-realtime: 

•  Slope  for  linear  deflection  approximation 

•  Deflection  Setpoint 

•  Exponential  time  constant  for  feedback 
response. 

The  approach  was  to  simulate  operation  over  many 
pulses  with  ground  motion  while  adjusting  values  of 
these  parameters,  to  achieve  maximum  luminosity.  The 
first  two  parameters  were  readily  optimized  within  the 
framework  of  the  TRC  simulations.  However  the 
“real-time”  optimization  process  can  produce  a 
different  result  from  the  scan  procedure.  The  LIAR- 
based  TRC  simulations  assumed  a  perfect  “instant” 
measure  of  the  beam-beam  deflection  curve  and 
luminosity  curve.  With  very  large  ground  motion,  the 
beam  shape  itself  can  change  on  short  timescales. 
Furthermore,  for  linear  approximation  of  the  deflection 
curve,  the  ideal  slope  depends  upon  the  beam  jitter. 
One  might  guess  that  a  detailed  piecewise  linear  fit 
could  be  optimal,  but  in  simulations  thus  far,  it  was  not 
found  to  be  helpful.  For  smaller  ground  motion,  the 
feedback  response  was  not  very  sensitive  to  the 
deflection  slope  and  a  non-optimal  feedback  was  easily 
able  to  keep  the  beams  in  collision.  For  very  large 
ground  motion,  the  shape  of  the  deflection  curve 
changed  from  pulse  to  pulse,  and  a  linear  fit  based  on 
the  current  average  beam  conditions  worked  as  well  or 
better  than  the  detailed  nonlinear  fit.  Adjusting  both 
the  linear  slope  and  the  deflection  setpoint  using  time- 
averaged  luminosity  is  particularly  suitable  when  beam 
jitter  and  measurement  errors  are  an  issue,  because 


appropriate  averaging  of  many  pulses  can  be  adjusted 
as  needed. 

Optimizing  the  exponential  time  constant  presented 
additional  complexities  in  the  SLC  framework  because 
a  number  of  matrices  incorporated  the  time  response. 
Therefore  the  algorithm  was  converted  to  an  equivalent 
exponential  form,  in  which  the  time  response  could  be 
optimized  by  adjusting  just  one  parameter:  exponential 
weight.  The  response  was  nearly  identical,  with  one 
exception:  the  SLC  feedback  had  a  small  DC  offset  by 
design,  and  in  the  exponential  form  the  DC  offset  was 
gone  -  a  beneficial  side-effect.  The  equations  are: 
state_vec  =  expected_change  + 
weight  *  (state_vec  -  raw_state_vec)  +  raw_state_vec 
delta_act  =  -  nmpt  *  state_vec 
act_vec  =  act_vec  +  delta_act 
expected_change  =  bmpt  *  delta_act 
Where:  weight  =  the  exponential  gain:  exp(-l/npulses) 
state_vec  =  estimated  state  vector 
raw_state_vec  =  measured  deflections,  converted  to 
corrector  units 

act_vec  =  actuator  vector  (correctors) 
nmpt, bmpt  are  transport  matrices 

In  the  PLACET  simulations  a  linear  deflection  curve 
was  assumed  and  the  gain  was  optimized  for  a  set  of  25 
different  machines.  With  these  more  pessimistic  but 
also  more  robust  assumptions  the  feedback 
performance  was  still  very  comparable  to  the  LIAR- 
based  TRC  results. 

FUTURE  WORK 

The  NLC  feedback  optimization  studies  did  not 
include  the  effects  of  final  doublet  vibration  and 
stabilization,  and  these  are  likely  to  affect  the  results. 
Future  work  will  incorporate  IP  feedback  systems  with 
linac  and  BDS  stabilization  and  steering  systems,  with 
more  realistic  and  detailed  operational  scenarios. 
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Abstract 

In  order  to  prevent  electrical  breakdown  occurring  in 
the  JLC/NLC  (Japanese  Linear  Collider/Next  Linear 
Collider)  X-band  structures  several  new  structures  are 
under  investigation.  These  accelerating  structures 
represent  an  evolutionary  design  of  the  DDS  series  of 
structures  (1].  The  phase  advance  per  cell  has  been  varied 
and  the  detailed  elliptical  shape  of  the  cell  has  been 
varied  in  order  to  simultaneously  minimize  the  group 
velocity,  the  surface  electromagnetic  fields  and  the  pulse 
temperature  rise  on  the  copper  surface  [2],  It  is  also 
important  to  ensure  that  the  wakefield  induced  by 
multiple  bunches  traversing  the  accelerating  structures 
does  not  disrupt  trailing  bunches.  The  long-range 
wakefield  must  be  decreased  adequately  in  order  to 
prevent  a  BBU  (Beam  Break  Up)  instability  occurring 
and  to  ensure  that  emittance  dilution  due  to  the  higher 
order  modes  is  kept  to  acceptable  levels.  The  long-range 
wakefield  is  forced  to  de-cohere  by  detuning  all  of  the 
frequencies  such  that  the  mode  density  of  frequencies  is 
approximately  Gaussian.  In  order  to  minimize  the  impact 
of  the  wakefield  on  the  beam  dynamics  we  change  the 
bandwidth  and  the  standard  deviation  of  the  Gaussian 
distribution  of  frequencies  such  that  a  ’’cost  function"  is 
minimized.  Interleaving  of  cell  frequencies  of  adjacent 
structures  is  required  to  adequately  damp  the  wakefield  of 
each  particular  structure  under  consideration.  The 
resulting  alignment  tolerances  imposed  on  the  cells  and 
structures  is  significantly  looser  alignment  tolerances 
with  the  use  of  the  code. 

1  INTRODUCTION 

We  report  on  manifold  damping  and  detuning  of  the 
wakefield  in  the  X-band  accelerating  structure  known  as 
H60VG3S17  which  forms  the  baseline  design  for  the 
JLC/NLC  [3].  In  particular  we  discuss  damping  of  the 
long  -range  wakefield  which,  if  left  unchecked,  will  result 
in  severe  emittance  dilution  of  the  beam. 

The  55  cells  of  the  60  cm  structure,  H60VG3S17, 
incorporate  a  5tc/6  phase  advance  per  cell  and  four 
manifold  are  attached  to  couple  out  the  wakefield.  It  is 
an  evolutionary  design  from  the  original  R/DDS  series 
using  the  same  method  to  detune  and  damp  the  wakefield. 
The  average  group  velocity  of  the  accelerating  structure 
is  0.02c  and  the  aA,  (iris  radius  to  free  space  wavelength) 
has  an  average  value  of  0. 17.  The  value  of  a/A.  has  been 
reduced  from  0.18  in  H60VG3S18  order  to  reduce  the 
pulse  temperature  heating  that  occurs  on  the  surface  of 
the  copper  structures.  Reducing  the  iris  radius  increases 


the  shunt  impedance  of  the  accelerating  mode  and  also 
increases  the  short  range  wakefield  (~  a"3  8)  and  requires 
slightly  tighter  tolerances  on  the  structure-to-structure 
alignments  and  also  a  slightly  larger  BNS  energy 
compensation  requirement  [2].  These  effects  do  not  put 
severe  constraints  on  the  overall  design  of  the  linac  as 
they  are  relatively  small  changes. 

Interleaving  of  the  frequencies  of  neighbouring 
structures  is  discussed  in  section  2  as  a  means  to  damp 
the  wakefield  to  levels  that  do  not  appreciably  dilute  the 
emittance  of  the  beam.  Beam  dynamics  issues  are 
discussed  in  section  3  in  which  the  progress  of  the 
charged  particle  bunch  train  is  monitored  in  phase  space 
throughout  the  linac  using  the  particle  tracking  simulation 
code  LIAR  [4].  The  4th  section  addresses  the  cell  and 
structure  alignment  tolerances  that  are  imposed  on  the 
accelerator  for  a  specified  emittance  dilution 

2  WAKEFIELD  OPTIMIZATION 

The  dominant  dipole  deflecting  mode  in  H60VG3S17 
is  confined  to  the  first  frequency  band.  As  we  have  a 
limited  number  of  cells,  namely  55,  for  each  H60VG3S17 
structure  then  the  mode  separation  is  larger  by  a  factor  of 
approximately  four  compared  to  that  of  the  DDS  series 
(which  consisted  of  206  cells).  Thus,  we  interleave  the 
frequencies  of  the  modes  of  adjacent  structures  in  order 
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Figure  1:  Spectral  function  of  interleaved  H60VG3S17. 
Reflections  from  the  HOM  (Higher  Order  Mode)  coupler 
are  not  included  in  the  simulation.  The  spectral 
functions  of  the  individual  structures  oscillate  about  the 
interleaved  overall  distribution  (shown  in  black  and 
dashed).  The  middle  and  ends  of  the  band  are  shown 
inset  for  clarity. 
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Figure  2.  Spectral  function  for  HDDS  under  three 
different  conditions.  Shown  uppermost  is  a  single 
structure  in  which  the  cost  function  has  been  minimized 
when  all  the  cells  are  coupled  to  the  manifold.  The 
bandwidth  is  7.80%  and  the  total  frequency  width  is 
3.71a.  Four-fold  interleaving  of  the  frequencies  of 
adjacent  structures  is  shown  in  the  middle  figure.  The  re¬ 
optimised  bandwidth  for  the  middle  fig.  is  9.88%  and 
4.68  units  of  a.  The  spectral  function  which  results 
when  the  input  HOM  coupler  is  removed  is  shown  as  the 
lowermost  fig. 
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Figure  3.  Envelope  of  wake  function  for  the  conditions 
given  in  the  adjacent  figure.  The  points  are  at  the 
location  of  the  bunches.  Each  bunch  is  separated  from  its 
neighbour  by  42cm  and  there  are  192  of  them  in  each 
bunch  train.  The  wake  which  incorporates  4-fold 
interleaving  of  structures  is  below  lV/pC/mm/m  for  all 
bunches  apart  from  the  first. 
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damp  the  wakefield  to  an  acceptable  level.  The 
frequency  separation  of  three  of  the  four  structures  is 
based  on  the  separation  of  the  maxima  in  the  oscillatory 
function  of  one  of  the  four  spectral  functions.  The 
individual  spectral  functions,  together  with  the  overall, 
interleaved  function,  are  illustrated  in  fig  1.  The 
uncoupled  kick  factor  density  function  is  a  Gaussian 
function  and  its  bandwidth  is  determined  with  a  computer 
code  that  automatically  minimizes  the  “cost  function”  [5]. 
The  optimised  non-interleaved  versus  four-fold 
interleaved  spectral  function  and  wakefield  are  compared 
in  fig  2.  Also  indicated  is  the  effect  of  removing  the 
input  HOM  coupler  on  the  wakefield.  It  is  clearly  a  small 
effect  and  thus  it  may  be  feasible  in  future  structures  to 
dispense  with  the  upstream  HOM  coupler  entirely. 

3  BEAM  DYNAMICS 

The  sum  wakefield  is  defined  as  the  wake  evaluated  at 
the  location  of  the  bunch  summed  over  all  bunches  that 
have  proceeded  that  bunch.  The  RMS  value  of  the  sum 
wakefield  serves  as  a  guide  as  to  whether  or  not  BBU  will 
occur  and  provided  it  is  less  than  unity  BBU  has  been 
found  to  be  suppressed.  The  RMS  of  the  sum  wakefield, 
Srms.  for  the  three  cases  corresponding  to  the  wakes  of 
fig  3  is  evaluated  as  a  function  of  fractional  change  in  the 
bunch  spacing.  A  change  in  the  bunch  spacing 
corresponds  to  a  systematic  error  in  the  frequencies  of  all 
cells.  The  emittance  growth  as  the  beam  traverses  the 
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Figure  4.  Simulation  of  As/s0,  the  percentage  emittance 
growth  for  a  single  accelerating  structure  (A),  four-fold 
interleaving  of  adjacent  structures  with  (B)  and  without 
input  HOM  couplers  attached  (C) 

linac  is  shown  in  fig  4  for  identical  offsets  of  25%  of  ay. 
Each  of  these  curves  is  obtained  for  systematic  errors  in 
the  cell  frequencies  of  7.5MHz,  33.5MHz  and  -10.5MHz 
for  A,  B,  C  respectively  and  are  chosen  such  that  a  local 
maxima  in  Srms  is  achieved.  The  non-interleaved 
structure  is  not  desirable.  However,  both  four-fold 
interleaved  structures  show  no  more  than  a  6%  dilution  of 
the  beam  emittance.  Also,  the  emittance  dilution  at  the 
nominal  bunch  spacing  (42cm,  and  no  frequency  errors) 
shows  no  more  than  4%  in  all  cases,  including  the  non- 


interleaved  case.  However  small  systematic  errors 
strongly  influence  the  sum  wakefield  and  hence  the 
emittance  would  readily  grow  in  this  situation.  Four-fold 
interleaving  of  structures  is  planned  for  the  NLC  with 
considerably  relaxed  tolerances  in  frequency  errors  and 
also  in  alignments  as  will  be  seen  in  the  next  section. 

4  ALIGNMENT  TOLERANCES 

The  transverse  long-range  and  short-range  wakefield 
dilute  the  final  emittance  of  the  beam  and  it  imposes  a 
tolerance  requirement  on  the  alignment  of  groups  of  cells. 
The  tolerance  due  to  the  transverse  long-range  wakefield 
is  calculated  both  with  an  analytical  method  [6]  and  by 
numerically  tracking  the  beam  down  the  linac  and 
moving  groups  of  cells  transversely  in  a  random  manner 
(for  a  specified  rms  offset)  with  the  computer  code  LIAR 
[4].  The  tolerances  that  result  from  this  procedure  for  a 
maximum  emittance  dilution  of  10%  are  shown  in  Fig  5 
for  the  linac  parameters  given  in  [7],  modified  to  take  into 
account  4-fold  interleaving  of  structures.  Excellent 
agreement  between  the  analytical  model  and  the  tracking 
method  is  obtained.  The  long-range  wake  imposes  a  cell- 
to-cell  and  structure-to-structure  alignment  tolerance  of 
33pm  and  160pm,  respectively. 


12  3  4 

Alignment  Length/Structure  Length 

Figure  5.  Alignment  tolerances  for  H60VG3S17. 
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Abstract 

The  shape  of  an  RF  pulse  is  distorted  upon  propagating 
through  an  X-band  accelerator  structure  due  to  dispersive 
effects.  This  distortion  together  with  beam  loading 
introduce  energy  spread  between  192  bunches.  In  order  to 
minimize  this  energy  spread  we  modify  the  input  RF 
pulse  shape.  The  pulse  propagation,  energy  gain,  and 
beam  loading  are  modelled  with  a  mode-matching 
computer  code  and  a  circuit  model.  A  2D  model  and  a 
circuit  model  of  a  complete  60  cm  structure,  consisting  of 
55  cells  and  input  and  output  couplers  is  analyzed.  This 
structure  operates  with  a  5n/6  phase  advance  per  cell. 
Dispersive  effects  for  this  structure  are  more  significant 
than  Tor  previously  studied  2tc/3  phase  advance 
accelerating  structures.  Experimental  results  are 
compared  with  the  theoretical  model  and  excellent 
agreement  is  obtained  for  the  propagation  of  an  RF  pulse 
through  the  structure. 


1  INTRODUCTION 


The  NLC/JLC  (Next  Linear  Collider/Japanese  Linear 
Collider)  baseline  design  now  consists  of  eight  60cm 
accelerating  structures  attached  to  a  girder  (of  which 
there  are  several  thousand).  Each  cell  in  the  structure  has 
a  phase  advance  of  5n/6.  Previously  2jc/3  was  the  phase 
advance  of  choice,  but  a  higher  phase  advance  was 
chosen  in  order  to  reduce  the  group  velocity  of  the 
fundamental  mode  wave,  which  was  thought  to  reduce 
any  electrical  breakdown  occurring  in  the  structures  [1]. 
A  CAD  view  of  several  cells  in  H60VG3  is  shown  in  fig. 
1.  This  accelerating  structure  consists  of  55  cells  and  has 
been  carefully  designed  to  reduce  the  electromagnetic 
fields  on  the  surface  of  the  copper,  to  minimize  the  pulse 
temperature  heating  effects  (by  shaping  the  cavity- 
manifold  slots  into  a  “pie”  shape). 


Manifold-Cell 
“Pie”  shaped 
Coupling  Slot 


Figure  1:  Cross-sectional  view  of  a  CAD  drawing  of  the 
H60VG3  accelerating  structure 

Sending  an  rf  pulse  down  the  accelerator  resulted  in  a 
noticeable  distortion  in  the  shape  of  the  pulse  output  from 


55  cells  and  this  is  discussed  in  section  2.  Section  3 
delineates  the  effect  of  beam  loading  on  the  overall  pulse 
shape  and  means  to  overcome  the  energy  deviation  over 
the  pulse  train  caused  by  this  dispersive  effect. 

2  DISPERSION  IN  TW  STUCTURES 

Shown  in  fig  2  is  the  result  of  an  experiment  to 
measure  the  pulse  shape  after  transiting  through  all  55 
cells  of  the  TW  (Travelling  Wave)  structure  H60VG3. 
Distortion  is  evident  at  both  the  trailing  and  leading  edge 
of  the  pulse. 


Figure  2:  Oscilloscope  measurement  of  the  output  pulse 
for  a  240ns  input  rectangular  pulse  with  a  10ns  rise  and 
fall  time  injected  into  H60VG3 


To  simulate  the  propagation  of  the  pulse  we  utilize  the 
0  and  k  frequencies  from  5  cells  in  a  3D  simulation  of 
cells  with  boundary  conditions  corresponding  to  an 
infinitely  periodic  structure.  From  these  points  we  obtain 
the  corresponding  dispersion  curves  for  these  cells  and 
additional  cells  are  obtained  by  interpolation.  We  use  a 
circuit  model  [2]  to  simulate  the  propagation  of  a  pulse 
through  this  structure  and  also  through  constant 
impedance  structures. 

Prior  to  obtaining  the  pulse  shape  the  accelerator  must 
matched  to  the  attached  couplers  and  this  is  simulated  by 
varying  the  end  cell  frequencies  and  Q  values.  Fig.  3 
illustrates  the  frequency  behaviour  of  the  reflection 
coefficients  after  the  structure  has  been  matched.  In  all 
cases  to  achieve  this  reflection  coefficient  we  utilize  [3] 
and  apply  it  to  the  circuit  model  to  obtain  minimize  the 
internal  reflection  coefficient  of  the  accelerator.  The 
pulse  shape  after  propagating  through  all  55  cells  is 
shown  in  fig  4  for  three  phase  advances:  2?t/3,  3rc/4  and 
5 n/6.  Before  electrical  breakdown  and  the  consequent 
damage  to  the  structures  was  discovered  [4],  all  DDS 
(Damped  and  Detuned  Structures)  were  fabricated  with  a 
2n/3  phase  advance  per  cell.  Little  pulse  distortion  is 
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0-7803-7738-9/03/$  17.00  ©  2003  IEEE 


2763 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


11.2  11.4  11.6  11.8 

Frequency  (GHz.) 


11.2  11.4  11.6  11.8 

Frequency(GHz.) 


Frequency(GHz.) 

Figure  3:  Reflection  coefficient  of  the  input  to  several 
travelling  wave  accelerator  structures  each  of  which 
consists  of  55  cells.  The  uppermost  consists  of  a  constant 
impedance  structure  with  a  phase  advance  per  cell  of  120 
degrees,  the  middle  to  a  constant  impedance  with  135 
degrees  phase  advance  and,  the  lowermost  to  H60VG3  in 
which  the  phase  advance  is  150  degrees  and  the  cell 
parameters  vary  smoothly  along  the  accelerator  structure. 


Time  (ns) 

Figure  4:  A  rectangular  pulse  with  a  fall  and  rise  time  of 
10ns  and  a  flat-top  of  240ns  and  50ns  is  propagated 
through  the  accelerating  structures  described  in  fig  3. 
The  final  output  pulse  for  each  structure  is  illustrated 
above  (blue  and  dashed  for  the  shorter  input  pulse). 
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seen  for  this  case.  The  reduced  group  velocity  structure 
that  was  measured  experimentally  (fig  2.)  corresponds  to 
the  simulation  in  fig  4  with  a  5 rc/6  phase  advance  per  cell. 
The  distortion  recorded  in  the  experiment  is  well 
represented  by  the  simulation  and  it  is  clear  that  the  pulse 
distortion  occurs  due  to  dispersion  in  the  structure.  The 
intermediate  phase  advance  of  3tc/4  gives  rise  to  very 
little  distortion  in  the  pulse  shape  and  it  is  shown  because 
it  corresponds  to  another  potential  structure  that  has  been 
under  consideration  for  the  NLC.  In  all  cases  shown  in 
figs.  3  and  4  a  circuit  model  has  been  used.  However,  a 
mode  matching  method  [5]  applied  to  the  5^/6  case 
shows  very  similar  pulse  distortion.  We  utilize  this  mode 
matching  method  to  calculate  energy  gained  by  192 
electron  bunches  traversing  the  structure  and  this  is 
described  in  the  following  section 

3  BEAM  LOADING  AND  ENERGY 
DISPERSION  COMPENSATION 

Multiple  bunches  of  electrons  passing  through  an  - 
accelerating  structure  load  down  the  accelerating  field 
and  consequently  the  field  is  reduced.  In  order  to  reduce 
this  droop  in  the  field  the  initial  RF  pulse  is  ramped  up  as 
the  structure  is  filled  with  electromagnetic  field.  Here  we 
calculate  the  effect  of  beam  loading  from  the  impedance 


Figure  5:  Individual  components  of  a  beam-loaded  pulse 
that  reaches  cell  55  of  H60VG3.  The  dashed  vertical 
(blue)  lines  indicate  the  region  in  which  all  bunches  are 
accelerated. 

of  the  beam  [5]  and  the  beam  loading,  together  with  the 
total  pulse  are  shown  in  fig  5.  Over  all  bunches  the 
energy  deviation  from  bunch-to-bunch  is  quite  small. 
However,  the  energy  deviation  at  the  final  focus  of  the 
collider  is  required  to  be  very  small,  namely  0.25%  RMS 
[6].  For  this  reason  we  show  the  energy  deviation  along 
the  pulse  train  on  an  expanded  scale  in  fig  6.  The  set  of 
points  labelled  0  corresponds  to  this  energy  deviation  and 
the  maximum  deviation  is  approximately  0.75%. 

To  compensate  for  this  deviation  in  the  energy  over  the 
bunch  train  we  investigated  reshaping  the  input  RF  pulse 
to  the  structure.  A  fraction  of  the  derivative  of  the  energy 
deviation  over  train  of  bunches  is  added  to  the  original 
input  pulse  and  this  fraction  is  varied  until  the  energy 


Bunch  Number 

Figure  6:  Percentage  energy  deviation  along  the  train  of 
electron  bunches  for  each  stage  of  the  iteration 

deviation  is  minimized.  The  set  of  points  (in  blue) 
labelled  with  “1”  in  fig  6  corresponds  to  the  new  energy 
deviation  along  the  bunch  train;  the  maximum  deviation 
is  below  0.2%.  Application  of  the  same  iterative 
method  again  gives  the  set  of  points  “2”  (magenta)  and 
this  reduces  the  energy  deviation  still  further,  to  less  than 
0.1%.  Further  application  of  this  technique  allows  the 
energy  deviation  to  be  reduced  to  less  than  0.05%.  The 
input  pulse  prescribed  from  this  process  is  shown  in  fig  7. 


Figure  7:  Input  pulse  to  compensate  for  energy  deviation 
over  the  pulse  train  together  with  final  output  pulse 


Manipulating  the  phase  of  the  klystrons  that  feed  the 
structure  will  allow  this  pulse  shape  to  be  obtained  [7]. 

This  energy  compensation  method  results  in  a  small 
loss  of  energy  as  the  pulse  is  compensated  over  the 
course  of  the  bunch  train.  We  are  also  investigating 
applying  a  similar  compensation  scheme  over  the  initial 
ramp  of  the  pulse  and  this  will  minimize  the  loss  in 
overall  efficiency. 
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Abstract 


A  TUNING  RECIPE 


The  design  of  Final  Focus  systems  for  linear  collid¬ 
ers  is  challenging  because  of  the  large  demagnifications 
needed  to  produce  nanometer-sized  beams  at  the  interac¬ 
tion  point.  Simple  first-  and  second-order  matrix  match¬ 
ing  have  proven  insufficient  for  this  task,  and  minimization 
of  third-  and  higher-order  aberrations  is  essential.  An  ap¬ 
propriate  strategy  is  required  for  the  latter  to  be  success¬ 
ful.  A  recipe  for  Final  Focus  design,  and  a  set  of  computa¬ 
tional  tools  used  to  implement  this  approach,  are  described 
herein.  An  example  of  the  use  of  this  procedure  is  given. 

INTRODUCTION 

The  new  compact  final  focus  system  [1],  based  on  lo¬ 
cal  chromaticity  correction  in  the  final  doublet,  is  now  be¬ 
ing  adopted  for  all  of  the  linear  collider  designs  because 
of  its  superior  performance  over  the  traditional  final  focus 
design.  At  the  same  time,  we  are  receiving  an  increasing 
number  of  requests  for  a  more  detailed  recipe  for  the  opti¬ 
cal  design  of  such  a  system.  A  brief,  spontaneously  written 
recipe  was  discussed  at  the  recent  Nanobeam  workshop  [2]. 
A  more  detailed  treatment  is  given  here. 

Some  traditional  FF  systems  have  been  designed  using 
the  FFADA  (Final  Focus  Automatic  Design  and  Analysis) 
program  [3].  Although  FFADA  automates  the  generation 
of  different  solutions  for  the  final  telescope,  the  most  te¬ 
dious  part  of  the  design  process,  minimization  of  the  third- 
order  U3466  aberration  (the  notation  of  TRANSPORT  [4] 
is  used  here  and  below)  still  required  a  trick  -  one  needed 
to  use  FFADA  to  generate  a  system  with  certain  demagni¬ 
fications  Mx  and  My,  check  U3466,  change  Mx  and/or  My, 
recheck  U3466,  and  iterate  until  the  aberration  vanished. 

This  process  can  be  expressed  as  a  recipe:  while  preserv¬ 
ing  the  desired  linear  and  second-order  properties  of  the 
system  under  consideration,  scan  possible  solutions  along 
particular  degrees  of  freedom  (Mx  or  My  in  this  case),  find 
the  optimum,  scan  along  other  degrees  of  freedom,  and 
continue  iterating  until  a  proper  solution  is  found.  Some¬ 
times  no  satisfactory  solution  can  be  found,  either  because 
you  are  stuck  in  a  local  minimum  or  because  the  requested 
performance  cannot  be  achieved.  In  these  cases  you  must 
use  your  intuition  to  know  when  you  need  to  go  back  and 
change  something. 

A  similar  approach  can  be  used  for  designing  a  compact 
FF  system.  In  this  case,  there  are  many  more  free  param¬ 
eters  that  can  be  changed,  but  the  basic  procedure  is  the 
same. 


*  Work  supported  in  part  by  US  DOE,  Contract  DE-AC03-76SF00515. 


The  following  steps  were  used  to  design  a  compact  FF 
system,  which  will  be  presented  in  the  next  section.  The 
procedure  has  been  implemented  as  a  semi-automatic  de¬ 
sign  tool  based  on  Matlab.  As  with  any  recipe,  this  one 
should  be  considered  a  guide  more  than  a  detailed  map.  It 
may  be  necessary  to  change  the  strategy  or  add  more  steps, 
depending  on  the  situation  (e.g.  how  far  you  are  from  a  so¬ 
lution)  or  depending  on  the  tools  being  used.  The  FF  sys¬ 
tem  presented  in  [1]  was  designed  entirely  using  TRANS¬ 
PORT.  In  the  following,  it  is  assumed  that  the  basic  match¬ 
ing  is  done  with  MAD  [5].  The  element  names  correspond 
to  those  shown  in  Figure  1.  Only  those  steps  of  the  design 
which  involve  variables  (knobs)  important  for  aberration 
tuning  are  highlighted. 

0)  Design  the  betatron  and  energy  collimation  systems. 

1)  Work  backwards  from  the  IP  starting  with  design  val¬ 
ues  for  f3*,  rf*  9  and  L*.  Choose  reasonable  lengths  for 
the  Final  Doublet  (FD)  quadruples  QDO  and  QF1  and  the 
separation  between  them.  At  a  later  stage  the  quadrupole 
lengths  and  their  separation  can  be  varied  to  trade  syn¬ 
chrotron  radiation  in  the  FD  against  FD  vibration  toler¬ 
ances.  Make  a  linear  match,  varying  the  strengths  of  QDO 
and  QF1,  to  obtain  certain  values  for  ax  and  ay  at  the  exit 
of  QF1  (going  away  from  the  IP).  These  values  will  later 
be  used  to  optimize  3rd  order  aberrations  (such  as  U3246, 
U 1226,  etc.). 

2)  Make  a  linear  match,  varying  the  strength  of  QD2A, 
QF3,  QD2B,  QD4,  QF5,  QD6,  and  QF7,  to  obtain  the  fol¬ 
lowing  conditions:  a)  “pseudo  -I”  transform  between  SDO 
and  SD4  (all  Rzz=-1,  R12=Vi,  and  R34=V2);  b)  “pseudo 
+1”  transform  between  SF1  and  SF6  (all  Rzz=l,  R12=V3, 
and  R34=I4);  c)  horizontal  and  vertical  waists  (aXiV  =  0) 
at  the  center  of  QF7.  These  Vi  are  knobs  to  be  used  for 
further  aberration  tuning  (usually  for  geometric  terms  such 
as  U1222,  U3224,  U3444,  etc.). 

3)  Make  a  linear  match,  varying  the  bending  angles  of 
Bl,  B2,  and  B5,  to  obtain  zero  dispersion  (77  =  0  and 
7/  =  0)  at  the  end  of  the  system,  with  a  certain  nonzero 
value  of  dispersion  at  SF5.  This  dispersion  value  be¬ 
comes  another  tuning  knob  (affects  geometric  and  chromo¬ 
geometric  terms). 

4)  Make  a  linear  match,  varying  the  strengths  of  six  beta¬ 
matching  quadrupoles  (labelled  ”QM”  in  Figure  1)  to  ob¬ 
tain  a  telescopic  transformer  (diagonal)  matrix  for  the  sys¬ 
tem  with  certain  demagnifications  Mx  and  My. 

5)  Reverse  the  system  and  start  from  the  FF  entrance. 
Make  a  second-order  match,  varying  the  strengths  of  all 
sextupoles,  to  zero  the  T126,  T122,  T166,  T346,  and  T324 
aberrations.  At  a  later  stage,  when  one  is  close  to  a  solution, 
SF5  or  SF6  can  be  excluded  from  the  match  and  left  for 
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later  hand/automated  tuning. 

Further  minimization  of  higher-order  aberrations  in¬ 
volves  both  computation  of  the  higher-order  transfer  ma¬ 
trices  for  the  system  and  manipulation  of  beam  proper¬ 
ties  determined  by  tracking.  Implementation  will  depend 
on  the  available  tools.  In  our  example,  we  use  the  com¬ 
plementary  programs  TRANSPORT  and  TURTLE  [6]  to 
minimize  higher-order  aberrations.  TRANSPORT  calcu¬ 
lates  matrices  up  to  third-order,  while  TURTLE  is  a  six¬ 
dimensional  particle  tracking  code.  Note  that  it  is  impor¬ 
tant  to  do  the  tracking  and  higher-order  matrix  calculation 
with  codes  that  are  consistent  with  one  another.  Using  DI- 
MAD  [7]  for  the  tracking  is  also  a  good  choice. 

6)  Convert  the  matched  optics  from  MAD  to  a  TRANS¬ 
PORT/TURTLE  deck  (using  a  conversion  program  devel¬ 
oped  at  SLAC).  For  convenience  of  further  evaluation  of 
aberrations,  calculate  the  inverse  of  the  total  first-order  ma¬ 
trix  of  the  FF  system  and  insert  this  matrix  at  the  beginning 
of  the  beamline,  so  that  the  overall  first-order  matrix  be¬ 
comes  the  identity  matrix. 

7)  Run  TRANSPORT  to  calculate  the  second-  and  third- 
order  matrices,  as  well  as  the  beam  matrix  with  energy  off¬ 
set  +A  and  —A.  The  higher-order  chromatic  aberrations 
can  be  determined  from  the  off-energy  matrices. 

8)  Using  the  same  TRANSPORT  beamline,  track  the 
beam  to  the  IP  using  TURTLE.  Either  the  aberrations  or  the 
tracked  beam  sizes  could  be  used  as  criteria  for  automatic 
minimization.  In  addition  the  bandwidth  of  the  system,  or 
the  variation  of  the  tracked  IP  beam  sizes  with  energy,  is  an 
important  quantity  to  optimize. 

Remember  this  state,  then  return  to  the  beginning  and 
change  the  value  of  some  knob.  In  essence  you  are  comput¬ 
ing  numerical  derivatives  of  the  important  aberrations  and 
beam  properties  with  respect  to  each  knob  and  with  respect 
to  energy.  Do  this  for  all  the  knobs.  Some  knobs  affect 
several  aberrations,  but  differently,  eventually  allowing  all 
of  the  major  aberrations  to  be  minimized  (if  in  principle  a 
solution  exists  for  the  requested  parameters).  In  general  ail 
lengths,  especially  the  lengths  of  the  bends  B1  and  B2  and 
the  drifts  surrounding  them,  are  additional  knobs  (in  partic¬ 
ular  for  U3466).  Select  the  best  set  of  knob  values,  keeping 
in  mind  that  iteration  of  this  process  will  be  required  due  to 
the  nonlinearity  of  the  response  of  the  aberrations  to  knob 
changes. 

Repeat  until  an  acceptable  solution  is  found.  Use  knobs 
appropriate  to  the  situation.  Most  of  the  steps  in  this 
procedure  can  be  performed  automatically.  For  example, 
Matlab-based  scripts  are  used  in  our  example  to  gener¬ 
ate  the  TRANSPORT/TURTLE  files,  run  these  programs, 
read,  analyze,  and  present  the  results,  and  then  to  search  for 
an  optimal  solution  using  Matlab’s  optimization  routines. 

When  a  solution  is  close  to  optimum,  and  most  of  aber¬ 
rations  are  small,  use  octupoles  OCIO  and  OC1  near  QD10 
and  the  FD,  respectively,  for  fine  tuning  of  U3246  and 
U3244. 

Typically  the  third-order  aberrations  can  be  made  small 
and  the  bandwidth  of  the  system  is  limited  by  fourth  or- 
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Figure  1:  Preliminary  optics  for  the  NLC  low  energy  BDS, 
L*  =  3.51  m,  rf*  =  0.009.  Final  focus  proper,  collimation 
section,  final  doublet  region,  aberration  correction  region. 

der  terms,  in  particular  V32246  (observed  in  the  way  that 
U3224  changes  with  energy).  Use  decapoles  DEC6  and 
DEC4  (see  Figure  1)  with  equal  strengths  to  cancel  this 
aberration.  For  better  cancellation  of  V32446,  use  a  sum 
of  aberrations  as  a  minimization  criterion,  constraining 
U3244+ae  and  U3244-  as  to  be  asymmetric  (as  in  Figure 
4).  In  our  case,  since  TRANSPORT  and  TURTLE  do  not 
handle  decapoles,  it  was  necessary  to  use  DIMAD  tracking 
to  optimize  the  strength  of  these  elements. 

The  authors  wish  to  note  here  that  we  do  not  know  of 
a  single  optics  code  that  can  do  all  that  we  need,  e.g. 
TURTLE/TRANSPORT  do  not  handle  decapoles  or  syn¬ 
chrotron  radiation,  while  MAD  does  not  calculate  or  allow 
matching  of  higher-order  aberrations.  Clearly,  there  is  a 
need  for  a  more  complete  beam  optics  design  code. 

BDS  FOR  THE  SECOND  IR  OF  NLC 

The  methods  and  tools  described  above  have  been  used 
to  design  a  Beam  Delivery  System  (BDS)  for  a  second, 
low  energy,  Interaction  Region  (IR)  for  NLC.  This  BDS 
must  be  somewhat  shorter  than  the  primary,  high  energy,  IR 
BDS  (which  is  1.4  km  long),  to  allow  space  for  the  trans¬ 
port  lines  that  provide  the  necessary  separation  between  the 
two  IRs  (see  [8]  for  more  discussion  of  this  configuration). 
The  optics  for  this  preliminary  design  are  shown  in  Fig- 
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Figure  2:  Tuning  history  for  the  low  energy  NLC  BDS  de¬ 
sign.  axQ  and  ay0  are  the  nominal  linear  IP  spot  sizes. 

ure  1.  The  nominal  input  beam  parameters  are:  energy  E 
=  250  GeV/beam,  emittances  iex,y  =  (3.6,0.04)  10_6m, 
energy  spread  aE  =  0.25%,  bunch  length  az  =  0.11  mm. 
At  the  IP  P*  y  =  (8, 0.11)  mm  and  a*  y  =  (243, 3)  nm. 

The  optics  shown  is  optimized  for  250  GeV/beam.  For 
the  500  GeV/beam  case  (and  for  650  GeV/beam,  available 
with  reduced  beam  current),  the  final  doublet  will  be  re¬ 
placed  with  a  longer  version  in  order  to  reduce  synchrotron 
radiation  in  the  FD  (‘long  doublet”  version),  and  the  angle 
of  the  Bl,  B2,  and  B5  bends  will  be  reduced  by  approx¬ 
imately  a  factor  of  two  (with  simultaneous  adjustment  of 
the  bends  in  the  energy  collimation  section  to  keep  the  IP 
location  fixed)  to  reduce  synchrotron  radiation  in  the  bends. 


Figure  3:  Predominant  second  and  third  order  aberrations 
during  tuning  (normalized  to  the  nominal  beam  sizes). 


Figure  5:  DIMAD  tracking  results  for  the  final  system.  Lu¬ 
minosity  equivalent  IP  beam  sizes  versus  energy  offset,  and 
1  /crxay  (normalized)  versus  energy  spread.  Hour-glass, 
beam-beam  effects,  and  synchrotron  radiation  are  not  in¬ 
cluded. 

Figures  2  and  3  show  the  history  of  the  tuning  process. 
The  quantity  plotted  in  Figure  2  is  equivalent  to  fractional 
luminosity.  Note  that  not  all  intermediate  steps  are  shown. 
Both  hand  tuning  and  automatic  optimization  with  Matlab 
were  used  during  this  process. 

Figure  4  shows  the  predominant  second-  and  third-order 
aberrations  remaining  after  tuning  (absolute  values,  nor¬ 
malized  to  the  nominal  IP  beam  parameters)  for  both  the 
on-energy  beam  and  for  beams  with  ±0.2%  energy  offset. 
Observation  of  these  aberrations  can  aid  in  the  creation  of 
additional  tuning  knobs.  Matrix  elements  for  the  off-energy 
beams  and  their  asymmetry  give  information  about  fourth- 
and  fifth-order  chromatic  aberrations.  Figure  5  shows  the 
resulting  bandwidth  of  the  system,  obtained  by  tracking. 

Finally,  we  note  that  in  spite  of  the  seeming  tediousness 
of  this  approach  to  FF  design,  this  method  is  almost  directly 
applicable  for  tuning  a  real  final  focus  during  commission¬ 
ing  and  operation. 

CONCLUSION 

A  recipe  for  the  optical  design  of  a  compact  final  focus 
system  is  presented  and  illustrated  with  an  example  of  a 
preliminary  design  for  the  low  energy  NLC  beam  delivery 
system. 


Figure  4:  Predominant  second  and  third  order  aberrations 
(for  the  on-energy  beam  and  for  +A E  and  -AE)  at  the 
final  stage  of  tuning  (absolute  values,  normalized  to  the 
nominal  beam  sizes).  Note  the  symmetry  of  U3244+Ae 
and  U3244_A£  terms. 
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Abstract 

Long  term  ground  stability  is  essential  for  achieving  the 
performance  goals  of  the  Next  Linear  Collider.  To  char¬ 
acterize  ground  motion  on  relevant  time  scales,  measure¬ 
ments  have  been  performed  at  three  geologically  different 
locations  using  a  hydrostatic  level  system  developed  specif¬ 
ically  for  these  studies.  Comparative  results  from  the  dif¬ 
ferent  sites  are  presented  in  this  paper. 

INTRODUCTION 

Small  emittances  and  nanometer  size  beams  of  the  Next 
Linear  Collider  set  tight  requirements  on  alignment  and 
motion  of  its  components.  While  fast  motion  affects  beam 
separation  in  the  interaction  point,  slow  ground  motion 
may  cause  beam  emittance  growth,  as  its  short  wavelength 
components  result  in  accumulated  misalignments  and  de¬ 
viation  of  the  beam  trajectory  from  a  smooth  line. 

This  article  summarizes  two-years  studies  performed  in 
collaboration  of  BINP,  FNAL  and  SLAC  to  investigate 
slow  ground  motion  in  three  different  geological  condi¬ 
tions:  in  the  shallow  Main  Injector  tunnel  in  glacial  till 
(Fig.  1),  in  the  deep  Aurora  mine  in  dolomite,  and  in  shal¬ 
low  SLAC  linac  tunnel  in  sandstone. 

For  these  studies,  BINP  has  developed  a  special  Hydro¬ 
static  Level  Measuring  System  (HLM  System).  The  HLM 
System  is  based  on  principle  of  communicating  vessels  and 
capacitive  measurements  of  the  water  level.  Each  sensor  is 
equipped  with  a  temperature  sensor.  The  capacitance  -  to  - 
frequency  converter  has  specially  clocked  calibration  pro¬ 
cedure  that  allows  avoiding  influence  of  many  factors  on 
measurements  accuracy.  As  a  result,  the  accuracy  of  sen¬ 
sors  is  better  than  a  micron  and  resolution  is  better  than 
0.1  micron  with  5  mm  dynamic  range.  The  SAS-1  sensor 
model  has  separate  pipes  for  connecting  the  water  and  air 
tubes.  The  SAS-2  sensor  model  (used  for  these  studies) 
is  built  to  use  in  a  system  with  ’’half-filled”  single  tubes. 
A  principle  advantage  of  a  single  tube  system  (with  con¬ 
tinuous  free  water  surface)  is  that  the  relative  water  level 
does  not  depend  on  temperature  variations,  as  it  is  defined 
only  by  gravity,  in  contrast  to  a  double  tube  system,  where 
temperature  difference  cause  change  of  water  density  and 
change  of  water  height  in  the  sensors.  The  sensors  have 
digital  output  via  the  standard  RS-485  interface.  A  spe¬ 
cial  atmospheric  air  pressure  monitor  is  an  integral  part  of 
the  system.  A  test  device  (TD),  to  programmably  vary  the 
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water  level  (e.g.  for  tests  of  water  dynamics  or  tests  of  cal¬ 
ibration),  is  a  part  of  HLM  System  as  well. 

RESULTS  OF  STUDIES 

The  slow  motion  most  worrisome  for  a  linear  collider 
is  believed  to  be  the  diffusive  ATL  motion,  because  of  its 
short  “wavelength”  character.  The  variance  of  the  relative 
misalignment  for  ATL  is  proportional  to  elapsed  time  and 
spatial  separation  AX2  =  A  •  T  •  L.  The  coefficient  A 
depends  strongly  on  geology,  and  its  clarification,  for  the 
chosen  geologies,  was  one  of  the  main  goals  of  the  study. 


Figure  1:  FNAL  areal  photo  with  marked  locations  of  the 
first  and  the  last  SAS  sensor  and  location  of  the  water  well 
-  cause  of  the  “2-hours  puzzle”;  photo  of  HLM  system  in¬ 
stalled  in  MI8  tunnel;  system  layout. 

For  study  at  FNAL  Main  Injector  tunnel,  20  SAS-2  sen¬ 
sors  were  installed  over  300  m  distance  in  the  MI8  transfer 
line.  The  very  first  measurements  immediately  gave  a  sur¬ 
prise  dubbed  “2-hours  puzzle”  -  the  motion  looks  quasi- 
periodic  with  amplitude  of  about  10  iim  near  one  end  of 
the  system,  smoothly  vanishing  to  the  other  end  of  the  sys¬ 
tem.  The  period  was  not  constant,  but  slowly  varied  by 
about  30%  (see  Fig.2  where  one  can  also  see  a  spike  due  to 
earthquake  in  Alaska,  which  caused  quench  of  the  Tevatron 
and  was  also  detected  by  a  seismometer  at  Northern  Illinois 
University).  Sudden  disappearance  of  the  motion  on  Jan¬ 
uary  3,  2002,  for  about  one  day,  hinted  to  the  man-made 
character  of  the  phenomenon.  After  extensive  search,  in 
August  2002,  Duane  Plant  found  the  cause  -  domestic  wa¬ 
ter  well  located  219  ft  deep  and  several  hundred  feet  away 
which  slowly  and  periodically  change  ground  water  level 
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and  pressure  and  caused  ground  to  move,  see  Fig.3.  (We 
appreciate  suggestion  by  Rainer  Pitthan  who  proposed  that 
a  sump  pump  may  be  a  cause  -  a  very  close  hit). 

The  “2-hours  puzzle”  is  probably  the  first  observation 
of  cultural  ground  motion  on  such  a  low  frequency  scale. 
(Traditionally,  cultural  noise  is  man-made  vibrations  above 
1Hz).  Such  cultural  slow  motion  is  worrisome,  because  it 
has  poor  spatial  correlation.  This  underlines  importance  of 
more  careful  attention  to  shallow  tunnels  in  sedimentary  or 
glacial  geology  in  populated  areas. 
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Figure  2:  Level  at  sensor  19  in  MI8.  The  periodic  motion  is 
due  to  2-hours  puzzle.  The  spike  is  earthquake  in  Alaska. 
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Figure  3:  The  “2-hours  puzzle”  is  switched  off  and  on. 

As  the  “2-hours  puzzle”  could  not  be  turned  off  for  suf¬ 
ficiently  long  time,  analysis  of  natural  ground  motion  was 
hampered.  The  sufficiently  long  puzzle-free  data  came 
only  from  the  month  of  February  2003.  Diffusion  coeffi¬ 
cient  A,  calculated  for  this  month,  is  shown  in  Fig.4  (cal¬ 
culated  using  three  sensors,  to  remove  the  irrelevant  com¬ 
mon  change  of  ground  tilt).  One  can  see  that  the  envelope 
of  A  corresponds  to  previously  found  values  (from  the  PW 
on  surface  tunnel  [1])  and  roughly  constant  with  A L  from 
15  m  to  90  m.  The  mean  value  of  A  however  appears  to 
decrease  with  L,  as  if  it  shows  not  AX2  oc  L  but  rather 
AX2  oc  1  behavior.  To  find  if  it  is  a  reality,  one  would  need 
more  2  hrs  puzzle-free  data  and  also  better  understanding 
of  the  effects  of  viscous  damping  in  the  HLM  System  pipes 
(see  further  discussion  below). 

For  further  study  of  slow  ground  motion  in  Aurora  mine, 
the  existing  HLM  System  [1]  was  augmented  with  four 
new  BINP  sensors  on  May  2002  (see  Fig.5).  Though 
with  less  statistics  (both  in  time  and  space),  the  SAS  sen¬ 
sors  appear  to  show  about  twice  smaller  diffusion:  about 
(6  ±  3)  •  10-7  /im2/(m*s)  is  observed  with  Fogale-based 
system  and  about  3  ■  10-7  /im2/(m-s)  is  observed  with  new 
SAS  sensors.  This  underlines  the  importance  of  low  elec¬ 
tronic  drift  in  a  measuring  system  -  well  known  headache 
of  instrumentation  developers. 

Hydro-dynamics  of  water  motion  in  long  half  filled  tubes 


Figure  4:  Diffusion  found  on  three  sensors  for  2  hrs 
motion-free  data  from  the  MI8  tunnel. 
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Figure  5:  Example  of  diffusion  found  in  Aurora  mine  with 
Fogale  and  new  SAS  sensors,  and  location  of  sensors. 


plays  important  role  in  measurements  with  HLM  Sys¬ 
tem  and  should  be  taken  into  consideration.  Neglecting, 
for  a  moment,  viscosity,  the  phase  velocity  of  propaga¬ 
tion  of  long  gravity  waves  in  half-filled  round  pipes  is 

V  =  (irgR/4)1/2,  see  [4].  For  our  case  of  1”  pipes,  it  is 

V  ~  0.3  m/s  and  for  a  periodic  15  minutes  motion  excited 
by  a  test  device,  a  OAn  phase  shift  would  be  observed  after 
50  m,  corresponding  well  with  observation,  see  Fig.  6. 

Note  that  these  long  gravity  waves  in  tubes  have  no 
dispersion.  However,  if  viscous  damping  is  taken  into 
account,  dispersion  appears.  The  viscous  damping  af¬ 
fects  dynamics  strongly:  the  damping  coefficient  is  7  = 
l/R  (vlo/2)1/2  (for  water  v  «  0.01  cm2/s )  [4].  For  exam¬ 
ple,  for  15  min  period,  we  have  j/u  «  0.7,  i.e.  the  motion 
is  strongly  damped!  We  do  not  have  an  exact  solution  for 


Figure  6:  One  micron  wave  excited  by  test  device  in  2x30m 
HLM  System  at  Sector  10  lab  in  SLAC  linac  tunnel. 
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water  dynamics  in  large  damping  case,  but  it  appears  that 
in  many  cases  the  motion  would  exhibit  aperiodic  damped 
flow,  as  observed  in  Fig.  7,  where  equilibrium  is  reached 
several  hours  after  a  TD  step  change,  in  a  300  m  system. 


Figure  7:  Reaction  of  sensors  #0  and  #17  to  a  level  step 
change  by  a  test  device  in  MI8  HLM  System. 

It  is  very  important  to  stress,  that  though  the  viscous  wa¬ 
ter  dynamics  may  affect  measurements  by  HLM  System  of 
the  long  wavelength  ground  motion,  measurement  of  the 
important  (for  linear  collider)  ground  motion  with  wave¬ 
length  of  tens  of  meters  is  still  accurate,  as  it  involves  only 
one  sensor  and  water  redistributes  only  near  this  sensor. 
Tests  performed  with  MI8  system  have  shown  that  if  one 
sensor  is  displaced,  it  reacts  within  about  one  minute.  For 
this  reason,  application  of  HLM  system  for  ground  motion 
study,  and  for  machine  alignment,  is  appropriate. 


and  with  (bottom)  filtering  out  the  components  with  period 
equals  one  day.  Sector  10  HLM  System. 

The  2x30  m  HLM  System  in  Sector  10  alignment  lab 
in  SLAC  linac  tunnel  is  configured  in  such  a  way,  that  two 
pairs  of  sensors  are  located  together,  for  cross  check  of  their 
stability,  see  sensor  location  in  Fig.  6.  It  is  also  planned  to 
later  install  hydrostatic  sensors  of  alternative  design,  and 
also  install  a  stretched-wire  system,  for  triple  cross-check. 


The  two  sensors  located  close  together  follow  each  other 
with  about  3  /xm  for  4  month  (within  ~  1  fj,m  if  one  com¬ 
pensates  for  temperature  correlation).  The  rms  of  differ¬ 
ence  of  this  two  sensors  was  found  to  be  about  55  nm  (for 
time  difference  less  that  one  day),  corresponding  to  resolu¬ 
tion  of  about  40  nm. 

Details  of  installations  of  water  tubes  were  found  to  be 
very  important  and  may  allow  for  further  improvements. 
At  MI8  the  tubes  are  installed  loosely.  Variation  of  temper¬ 
ature  do  not  cause  transverse  variation  of  tube  position,  and 
so  there  is  no  observed  significant  correlation  of  tempera¬ 
ture  and  mean  level  at  FNAL  MI8  HLM  System.  However, 
studying  motion  with  Sector  10  HLM  System,  we  found 
unexpectedly  large  correlation  of  the  mean  water  level  with 
mean  temperature  -  about  33  \i m/°C.  We  explain  this  by 
the  fact  that,  at  Sector  10,  tubes  are  rigidly  fixed  to  the  floor, 
and  so  the  variation  of  temperature  may  cause  large  trans¬ 
verse  deflection  of  tubes  (as  Ah  «  £(aA T)1/2),  and  as 
a  result,  large  correlation  of  temperature  and  mean  level. 
And  though  we  use  relative  levels  (w.r.to  the  mean)  for 
ground  motion  analysis,  this  temperature  sensitivity  may 
be  suppressed  mostly  but  not  entirely. 

The  mentioned  temperature  sensitivity  is  clearly  seen 
as  daily  variation  in  diffusion  analysis  plots  form  Sec¬ 
tor  10  HLM,  see  Fig.  8,  where  apparently  the  motion  of 
the  tubes,  and  not  ground,  artificially  dominates  the  pic¬ 
ture  (see  Fig  8,  top,  where  the  red  fit  line  corresponds  to 
3.3  •  10-7  /im2/(m*s)).  Fourier  suppression  of  daily  har¬ 
monic,  produces,  we  believe,  more  accurate  estimation  of 
about  2.3  •  10“ 7  for  the  red  line  fit  and  about  0.7  •  10“ 7  for 
the  small  time  part  (see  Fig  8,  bottom  plot). 

As  a  summary,  the  diffusion  coefficients  A  (in  units  of 
10-7  /xm2/(m-s))  are:  (10-100)  for  MI8  shallow  tunnel 
in  glacial  till  (in  absence  of  dominating  cultural  motion); 
about  3  or  below  in  deep  Aurora  mine  in  dolomite  and  in 
Sector  10  shallow  tunnel  in  sandstone  (irrelevant  motion 
of  the  tube  may  still  be  a  large  contribution  in  the  Sec¬ 
tor  10  A  value).  Previous  studies  for  FNAL  surface  and 
at  SLAC  tunnel  are  confirmed,  and  new  measurements  in 
Aurora  mine  are  about  factor  of  two  below  the  previously 
found  values. 

CONCLUSION 

The  study  performed  have  confirmed  the  strong  depen¬ 
dence  of  slow  ground  motion  on  geological  conditions  -  a 
competent  geology  is  beneficial  for  NLC. 

Hydrostatic  Level  Measuring  System,  as  a  slow  ground 
motion  and  alignment  monitoring  tool,  has  been  studied 
and  several  important  factors  affecting  its  performance 
have  been  found  and  investigated. 
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Abstract 

Wiggler  insertions  are  expected  to  occupy  a  significant 
portion  of  the  lattice  of  the  Next  Linear  Collider  (NLC) 
Main  Damping  Rings  (MDR)  and  have  a  noticeable  im¬ 
pact  on  the  single-particle  beam  dynamics.  Starting  from 
a  realistic  3D  representation  of  the  magnetic  fields  we  cal¬ 
culate  the  transfer  maps  for  the  wigglers,  accounting  for 
linear  and  nonlinear  effects,  and  we  study  the  beam  dynam¬ 
ics  with  particular  attention  paid  to  the  Dynamic  Aperture 
(DA).  A  DA  reduction  is  observed  but  appears  to  remain 
within  acceptable  limits. 

INTRODUCTION 

The  need  for  a  larger  momentum  compaction  in  order  to 
tame  the  effects  of  collective  instabilities  has  motivated  a 
redesign  of  the  current  NLC  MDR  lattice  [1].  The  strength 
of  the  magnetic  field  in  the  dipoles  was  decreased  causing 
a  reduction  of  radiation  loss  and  therefore  requiring  longer 
wiggler  insertions  to  maintain  the  desired  damping.  The 
wiggler  insertions  now  occupy  about  61.6  m  of  the  300  m 
ring  circumference  (up  from  46.2  m)  adding  further  linear 
and  nonlinear  perturbations  to  the  lattice.  An  accurate  as¬ 
sessment  of  these  effects  is  desirable  in  order  to  obtain  a 


one  component  of  the  magnetic  field  (for  instance  obtained 
with  the  aid  of  a  magnet  design  code)  on  the  surface  of  a 
cylinder  coaxial  to  and  contained  within  the  wiggler  aper¬ 
ture.  This  is  sufficient  information  to  determine  the  field  in 
the  interior  of  the  cylindrical  surface  in  the  form  of  a  full  3D 
multipole  expansions,  properly  accounting  for  the  longitu¬ 
dinal  dependence  of  the  fields.  Upon  suitable  truncation 
of  this  series  expansion  we  determine  the  corresponding 
transfer  map  through  third  order  in  the  dynamical  variables 
using  the  code  MaryLie3.0  [4]. 

WIGGLER  FIELD  ANALYSIS 

In  a  current-free  region  the  magnetic  field  can  be 
expressed  in  terms  of  a  scalar  potential  t/\  which  solves 
the  Laplace  equation.  For  a  periodic  structure  of  period 
Xw  the  most  general  such  scalar  potential  can  be  written 
in  cylindrical  coordinates  as  ^  =  Em=o  z)  sin  m<j) 
+  term  proportional  to  cos  m<f>,  where  Tpm{p,  z)  = 
oo  e2mpz/XwIm  (2np/Xp)  bm)P,  Im  are  the  modified 
Bessel  functions,  and  bm,p  arbitrary  coefficients.  The 
terms  proportional  to  cos  m<f>  correspond  to  the  ’skew’ 
components  of  the  fields,  are  absent  in  a  error-free  planar 
wiggler  and  will  be  neglected  here.  The  azimuthal  number 


proper  tuning  of  the  linear  lattice  and  determine  the  im¬ 
pact  on  the  Dynamic  Aperture  (DA).  A  sufficiently  large 
DA  is  required  for  a  good  injection  efficiency  (at  injec¬ 
tion  the  NLC  MDR’s  should  be  capable  of  accommodating 
a  beam  with  150  mm-mrad  normalized  emittance  in  both 
transverse  planes  and  a  full  width  ±1%  energy  spread). 

A  previous  study  [2]  showed  that  the  effects  of  the  wig¬ 
gler  nonlinearities  in  the  earlier  design  of  the  NLC  MDR 
lattice  while  noticeable  did  not  introduce  unacceptable 
degradation  of  the  DA.  The  study  made  use  of  a  suitable 
fitting  of  the  magnetic  field  in  the  wiggler  midplane  and 
a  simplified  symplectic  integrator  for  tracking  the  orbits  of 
individual  particles.  A  similar  conclusion  was  reached  after 
a  first  investigation  of  the  new  lattice  [1]  that  was  carried 
out  with  the  wigglers  modelled  as  sequences  of  standard 
elements  (combined  function  dipoles,  thin  octupoles,  and 
drifts).  The  parameters  for  these  standard  elements  were 
tuned  in  such  a  way  as  to  reproduce  the  same  horizontal  and 
vertical  kicks  through  a  wiggler  period  as  obtained  from  the 
more  accurate  symplectic  integrator  technique  employed 
earlier. 

In  this  paper  we  report  on  a  further  study  on  the  new  lat¬ 
tice  using  a  method  that  makes  some  improvements  on  the 
field  representation  and  avoids  some  of  the  simplifications 
in  the  integrator  mentioned  above.  The  method  requires 
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=  z, o...  corresponds 


uipoie,  quaarupoie. 


tupole, ...  components  (the  m  =  0  solenoidal  term  is  also 
absent  in  an  ideally  built  wiggler).  Alternatively,  one  can 
express  as  a  power  series  in  the  radial  variable  p  in  the 
forni:  Vv(p,*)  =  Sfeo(~l)*2%| Tfc^cW{z)p™+m, 
where  Cffl(z),  defined  by  C[£\z) 

(-1)* _ 1 _ y->oo  e2iripz/\w  ( 2irp'\2^+m  .  . 

2mm!  2^p=-oo e  \  )  bm,pi  IS 

the  U  derivative  of  (7$ (z)  =  Cm(z).  We  will  refer  to 
the  functions  Cm(z)  as  ‘generalized  gradients’.  A  field 
expansion  in  the  current-free  region  is  uniquely  determined 
by  specification  of  the  generalized  gradients. 

Suppose  the  radial  component  of  the  magnetic  field  is 
given  on  the  surface  of  a  cylinder  of  radius  R  in  terms 
of  the  Fourier  series  Bp  =  £m=o  Bm{R,  *)sin(m0). 
Then,  it  can  be  easily  shown  that  the  coefficients 
&m,p  are  related  to  the  Fourier  integral  BmtP  = 

Iqw  dze~l2'Kpz/x'»  Bm  (R,  z)  of  the  field  data  Bm  by 


bm,p  —  Rm,pXw  /  [27:pI,m(2TrpR/ Xw)].  Notice  that  be¬ 
cause  of  its  exponential  behavior  the  Bessel  function  Vm 
in  the  denominator  of  the  above  expression  has  a  filtering 
effect  on  high  frequency  noise  possibly  present  in  the  field 
data  [3]. 


A  full  3D  field  map  for  a  MDR  wiggler  period  is  avail¬ 
able  based  on  the  preliminary  design  discussed  in  [5].  The 
wiggler  period  is  A*,  =  27  cm,  the  magnetic  field  peak 
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value  2.1  T .  Because  the  (anti-)symmetry  of  the  fields  un¬ 
der  a  180°  rotation  is  enforced  exactly  only  the  2(2n  +  1) 
harmonics  are  present  (dipole,  sextupole,  decapole,  ...). 
Analysis  of  the  radial  component  of  this  field  at  R  —  9  mm 
results  in  the  profiles  of  the  generalized  gradients  shown  in 
Fig.  1. 
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Figure  1:  Generalized  gradients  Cm(z)  for  one  period  of 
the  MDR  wigglers  corresponding  to  the  dipole  m  —  1  (A), 
sextupole  m  =  3  (B),  and  decapole  m  —  5  (C)  field  com¬ 
ponents.  The  reference  orbit  is  also  reported  (D). 


MAP  COMPUTATION 

As  an  alternative  to  integrating  the  equations  of  motion 
for  the  individual  particles  we  use  knowledge  of  the  mag¬ 
netic  fields  for  a  wiggler  period  to  determine  the  corre¬ 
sponding  transfer  map.  We  carry  out  the  calculation  in  a 
canonical  framework  using  the  deviations  coordinates  from 
the  reference  orbit.  This  requires  going  through  the  follow¬ 
ing  steps:  determination  of  the  vector  potential  associated 
with  the  field  3D  multipole  expansion,  calculation  of  the 
reference  orbit,  re-expansion  of  the  vector  potential  (and 
Hamiltonian)  as  Taylor  series  with  respect  to  the  deviation 
coordinates.  The  Hamiltonian  in  the  latter  form  is  then  suit¬ 
able  for  calculating  the  transfer  map  upon  solving  the  equa¬ 
tion  of  motion  -  a  task  carried  out  by  M  ARYLIE3.0  built-in 
routines.  The  resulting  map  through  third  order  has  the 
Lie  representation  M  =  •••Mexp(:  /3  :)exp(:  /4  :), 
where  M  is  the  6  x  6  matrix  describing  the  linear  part 
of  the  dynamics,  while  the  ft s  are  homogeneous  polyno¬ 
mial  of  degree  t  in  the  dynamical  variables.  The  matrix 
M  depends  only  on  the  quadratic  part  of  the  Hamiltonian; 
fs  depends  also  on  the  cubic  part;  /4  also  on  the  quartic 
part.  These  two  generators  are  connected  to  quadratic  (and 
higher),  cubic  (and  higher)  terms  of  the  map  in  Taylor  form 
respectively.  For  straight  magnetic  elements  (in  which  the 
reference  orbit  follows  the  magnet  axis)  each  individual 
2n— pole  component  of  the  magnetic  field  contributes  only 
to  the  ft  generator  with  £  >  n  (the  main  contribution  is 
absorbed  by  the  generator  with  £  =  n  while  the  contribu¬ 
tion  to  the  generators  with  £  >  n  is  related  to  the  ^-varying 
part  of  the  generalized  gradient  -  a  fringe  effect).  However, 


because  in  wigglers  the  reference  orbit  deviates  from  the 
z-axis,  expressing  the  field  in  the  deviation  coordinates 
(from  the  magnet  frame  coordinates)  produces  a  cascade 
of  feed-down  terms  affecting  the  generators  with  £  <  n 
as  well.  For  example,  a  sextupole  component  introduces  a 
correction  to  the  linear  part  of  the  dynamics  (one  can  think 
of  this  term  as  a  quadrupole-like  component);  a  decapole 
component  affects  /4  (octupole-like),  /3,  (sextupole-like), 
etc.  These  feed-down  terms  are  weighted  by  increasing 
powers  of  the  deviation  xr(z)  of  the  reference  orbit  from 
the  wiggler  axis.  Because  for  wigglers  in  high  energy  ma¬ 
chines  this  amplitude  is  fairly  small  ( xr(z )  <  0.6  mm  in 
our  case),  in  practice  for  each  multipole  component  only 
the  first  feed-down  term,  which  is  proportional  to  xr(z),  is 
significant.  For  this  reason  not  including  higher  order  mul¬ 
tipoles  above  the  decapole  in  the  field  representation  (as 
we  do)  does  not  affect  the  calculation  of  the  3rd  order  map 
substantially. 

An  insight  into  the  relevant  terms  of  the  map  can  be  ob¬ 
tained  from  a  simplified  analytical  calculation  under  the 
assumption  that  the  particle  orbits  (in  the  deviation  vari¬ 
ables)  do  not  deviate  considerably  from  straight  lines.  In 
such  a  model  the  sextupole  and  decapole  components  of  the 
field  contribute  to  the  dynamics  only  through  feed-down 
terms.  In  particular,  integrals  of  the  sextupole  feed-down 
term  (proportional  to  xr(z)C3(z))  contribute  to  the  linear 
part  of  the  map  introducing  defocusing  horizontally  and  fo¬ 
cusing  vertically,  while  integrals  of  the  decapole  feed-down 
term  (proportional  to  xr(z)C5(z))  represent  the  main  con¬ 
tribution  to  the  cubic  part  of  the  map.  No  quadratic  or  quar¬ 
tic  terms  appear  (as  would  be  case  for  ordinary  sextupole 
or  decapole  magnets)  because  the  integrals  of  the  C3(z) 
and  Cs(z)  vanish  over  a  wiggler  period.  As  for  the  dipole 
field  component,  its  main  effect  is  to  add  linear  focusing  in 
both  transverse  planes  through  the  integrals  of  terms  like 
xr(z)Cf\z)  -  essentially  a  fringe-effect.  The  net  result 
on  the  linear  dynamics  is  significant  focusing  in  the  verti¬ 
cal  plane  (the  sextupole  feed-down  and  dipole  fringe-field 
terms  add  up)  and  relatively  small  defocusing  in  the  hori¬ 
zontal  plane  where  the  dipole  fringe-field  and  the  sextupole 
feed-down  terms  have  opposite  sign  (with  the  latter  pre¬ 
vailing  slightly).  In  spite  of  the  approximation  involved 
this  simple  model  appears  to  be  in  good  quantitative  agree¬ 
ment  with  the  MaryLie  numerical  calculation  for  the  lin¬ 
ear  part  of  the  map  and  reasonable  qualitative  agreement 
for  the  nonlinear  part.  In  particular,  the  MaryLie  calcula¬ 
tion  confirms  that  the  dominant  nonlinearities  are  of  third 
order  (octupole-like). 

In  the  absence  of  a  detailed  design  for  the  ends  of  the 
wiggler  insertions  we  used  a  model  consisting  of  bending 
magnets  and  two  thin  octupole  and  sextupole  lenses. 

DA  STUDY 

The  new  MDR  lattice  is  discussed  in  detail  in  [1].  For 
this  study  we  switched  off  the  rf  cavities  and  did  not  in¬ 
clude  any  errors  in  the  magnets  or  wigglers.  Tracking  was 
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carried  out  element  by  element  using  the  MaryLie  sym- 
plectic  integrator.  In  particular,  tracking  through  the  wig- 
gler  insertions  (consisting  of  6  full  periods  in  addition  to 
entry  and  exit  ends)  was  done  by  propagating  the  parti¬ 
cle  orbits  through  each  individual  period,  using  the  maps 
determined  from  the  field  data  -  as  discussed  in  the  previ¬ 
ous  Section.  All  the  other  elements  where  modelled  using 
the  MaryLie  standard  element  library  with  the  inclusion 
of  the  MaryLie  built-in  modelling  of  fringe-field  effects 
in  the  hard-edge  limit.  In  this  study  the  physical  aperture 
of  the  vacuum  chamber  (8  mm  radius  in  the  wigglers,  20 
mm  everywhere  else)  was  not  accounted  for.  The  DA  of 
the  MDR  lattice  is  affected  by  both  the  sextupole  magnet 
and  wiggler  nonlinearities.  An  assessment  of  the  relative 
impact  of  the  two  sources  of  nonlinearities  is  obtained  by 
comparison  of  the  two  pictures  of  Fig.  2.  These  and  the 
following  figures  show  the  DA  through  500  turns  in  the 
x  -  y  plane  located  in  the  middle  of  the  first  quadrupole 
magnet  downstream  the  injection  point  (the  beta-functions 
are  about  ft  =  16  m  and  ft  =  1.6  m).  The  particles 
are  launched  at  this  location  with  vanishing  transverse  mo¬ 
menta.  The  half-ellipse  corresponding  to  15  x  the  injected 
beam  size  -  a  plausible  DA  target  -  is  also  shown.  Fig.  2A 
is  relative  to  a  lattice  in  which  the  wiggler  nonlinearities 
are  artificially  masked  away  (sextupoles  dominate);  Fig.  2B 
refers  to  a  lattice  with  the  sextupoles  turned  off  (wigglers 
nonlinearities  dominate)/ 


x  (mm)  x  (mm) 

Figure  2:  On  momentum  DA  with  wiggler  nonlinearities 
turned  off  (A)  and  chromatic  sextupoles  turned-off  (B) 

The  combined  effect  of  chromatic  sextupoles  and  wig¬ 
gler  nonlinearities  on  the  dynamic  aperture  are  shown  in 
Fig  3A  for  on-momentum  particles  and  Fig.’s  3B  and  3C 
for  off-momentum  particles  (+1%  and  -1%  respectively). 
The  15a  boundary  appears  to  be  mostly  respected  by  on- 
momentum  particles  while  a  somewhat  larger  degradation 
of  the  DA  is  observed  for  off-momentum  particles. 

Finally,  Fig.  3D  shows  the  on-momentum  DA  for  a  rep¬ 
resentation  of  the  wiggler  periods  constructed  using  com¬ 
bined  function  dipoles  of  length  Xw/4  and  thin  octupoles. 
The  peak  field  in  the  dipoles  was  set  to  2.28  T,  so  as  to  give 
the  design  integrated  squared  field  strength  while  the  field 
gradient  (-1.66  T/m,  defocusing  horizontally)  was  adjusted 
to  give  a  linear  transfer  map  for  one  wiggler  period  close 
to  the  map  calculated  by  numerical  integration  through  the 
wiggler  field  (the  individual  entries  of  the  linear  matrix  en¬ 
tries  deviate  less  than  1%);  the  strength  of  the  octupole 
lens  was  tuned  to  fit  the  :  x 4  :  Lie  generator  of  the  same 
map.  Both  maps  result  in  similar  horizontal  and  vertical 
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Figure  3:  Dynamic  aperture  for  model  with  wiggler  map 
integrated  through  fields  (A,B,C)  and  model  using  standard 
elements  (D)  -  on  momentum. 


x  <m)  y  (m) 


Figure  4:  Horizontal  (A)  and  vertical  (B)  kicks  through  one 
wiggler  period  from  map  calculated  by  integration  through 
actual  fields  (dots)  and  map  constructed  from  standard  ele¬ 
ments  (line). 


kicks  through  a  wiggler  period  (Fig.4)  -  with  some  notice¬ 
able  discrepancies  emerging  (not  shown)  when  both  x^0 
and  y  ^  0  -  a  reflection  of  the  fact  that  the  nonlinear  gen¬ 
erators  of  the  two  maps  (in  particular  those  related  to  x  —  y 
coupling)  are  not  identical.  Nevertheless,  on-momentum 
the  DA  aperture  resulting  from  using  the  standard  element 
model  for  the  wiggler  (Fig.  3D)  does  not  appear  very  differ¬ 
ent  from  that  resulting  from  the  more  accurate  modelling 
(Fig.  3A).  However,  a  larger  discrepancy  can  be  noted  in 
the  off-momentum  cases  (not  shown)  with  the  calculation 
done  using  the  standard-element  model  giving  a  somewhat 
more  pessimistic  estimate  of  the  DA. 

Work  supported  by  the  US  DOE  under  Contract  DE- 
AC03-76SF00098. 
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Abstract 

Previous  lattice  designs  for  the  Next  Linear  Collider 
Main  Damping  Rings  [1]  have  met  the  specifications  for 
equilibrium  emittance,  damping  rate  and  dynamic 
aperture.  Concerns  about  the  effects  of  the  damping 
wiggler  on  the  beam  dynamics  [2]  led  to  the  aim  of 
reducing  the  total  length  of  the  wiggler  to  a  minimum 
consistent  with  the  required  damping  rate,  so  high-field 
dipoles  were  used  to  provide  a  significant  energy  loss  in 
the  arcs.  However,  recent  work  has  shown  that  the 
wiggler  effects  may  not  be  as  bad  as  previously  feared. 
Furthermore,  other  studies  have  suggested  the  need  for  an 
increased  momentum  compaction  (by  roughly  a  factor  of 
four)  to  raise  the  thresholds  of  various  collective  effects. 
We  have  therefore  developed  a  new  lattice  design  in 
which  we  increase  the  momentum  compaction  by 
reducing  the  field  strength  in  the  arc  dipoles, 
compensating  the  loss  in  damping  rate  by  increasing  the 
length  of  the  wiggler.  The  new  lattice  again  meets  the 
specifications  for  emittance,  damping  rate  and  dynamic 
aperture,  while  having  the  benefit  of  significantly  higher 
thresholds  for  a  number  of  instabilities. 

DESIGN  OBJECTIVES 

Some  of  the  parameters  specifying  the  performance  of  the 
Main  Damping  Rings  (MDRs)  for  the  NLC  are  shown  in 
Table  1.  In  addition,  since  the  average  injected  beam 
power  into  the  ring  in  operation  will  be  55  kW,  the 
injection  efficiency  will  have  to  be  close  to  100%,  and 
this  places  demanding  requirements  on  the  acceptance. 


Tablet:  NLC  Damping  Ring  Specifications 


Bunches  per  train 

192 

Bunch-to-bunch  spacing 

1.4  ns 

Kicker  rise/fall  time 

65  ns 

Collider  repetition  rate 

120  Hz 

Injected  horizontal/vertical  emittance 

150  /Am 

Extracted  horizontal  emittance 

3  /im 

Extracted  vertical  emittance 

0.02  /Am 

Extracted  energy  spread 

10‘3 

The  circumference  of  the  lattice  is  constrained  by  the 
need  to  accommodate  a  number  of  bunch  trains,  with 
sufficient  spacing  to  allow  the  kickers  to  turn  on  and  off 
between  the  trains.  The  number  of  trains  stored,  and  the 
injected  and  extracted  emittances  specify  the  damping 
rates.  Note  that  the  normalized  emittances  are  given  in 
Table  1.  As  with  the  previous  design,  a  circumference  of 
300  m  has  been  chosen.  This  provides  sufficient  room  for 

♦Work  supported  by  the  US  DOE,  under  contract  numbers 
DE-AC03-76SF00098  and  DE-AC03-76SF005 15. 

#awolski@lbl.gov 


the  necessary  number  of  arc  cells  to  achieve  the  natural 
emittance,  the  damping  wiggler,  injection  and  extraction 
systems  and  other  components.  Three  bunch  trains  are 
stored  at  any  given  time. 

LATTICE  PARAMETERS 

Some  of  the  principal  lattice  parameters  for  the  new 
design  are  given  in  Table  2. 


Table  2:  Principal  Lattice  Parameters 


Beam  energy 

1.98  GeV 

Circumference 

299.792  m 

Arc  cells 

32  TME 

Wiggler  length 

61.6  m 

Betatron  tunes  (x,y) 

21.150,  10.347 

Natural  chromaticity  (x,y) 

-30.74,  -28.76 

Natural  emittance  (normalized) 

2.37  /Am 

Natural  energy  spread 

9.75xl0'4 

Harmonic  number 

714 

RF  voltage 

2.0  MV 

RF  acceptance 

1.52  % 

Natural  bunch  length 

5.49  mm 

Synchrotron  tune 

0.0118 

Momentum  compaction 

1.39xl0‘3 

Energy  loss/tum 

970  keV 

Damping  times  (x,y,t) 

3.6,  4.1,  2.2  ms 

Compared  to  the  previous  lattice,  the  momentum 
compaction  has  been  increased  by  more  than  a  factor  of 
four.  This  was  one  of  the  main  aims  of  the  design,  since 
this  gives  an  increase  of  roughly  two  in  the  bunch  length 
and  reduces  the  impact  of  a  number  of  collective  effects. 
The  increase  in  momentum  compaction  has  been  achieved 
by  reducing  the  dipole  field  by  a  factor  of  two.  Since  this 
leads  to  a  lower  energy  loss  per  turn,  and  hence  longer 
damping  times,  it  is  necessary  to  increase  the  length  of  the 
wiggler  to  compensate.  In  fact,  we  have  somewhat 
overcompensated  by  increasing  the  wiggler  from  46  m  to 
nearly  62  m,  which  reduces  the  vertical  damping  time 
from  5  ms  in  the  previous  lattice  to  4. 1  ms  in  the  present 
version.  This  will  provide  some  safety  margin  against 
possible  effects  (such  as  a  mismatch  of  the  injected  phase 
space)  tending  to  reduce  the  effective  damping  period. 

One  concern  with  the  increased  length  of  the  wiggler  is 
the  effect  on  the  beam  dynamics.  The  dynamic  aperture 
of  the  lattice  is  of  importance  because  of  the  need  for  a 
large  acceptance,  and  it  is  possible  that  intrinsic 
nonlinearities  in  the  wiggler  field  could  reduce  the 
dynamic  aperture.  However,  recent  detailed  studies  based 
on  a  magnetic  design  for  the  NLC  damping  wiggler 
suggest  that  the  wiggler  length  in  the  present  design  is 
acceptable  [3]. 
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LATTICE  DESIGN 

The  overall  layout  of  the  electron  MDR,  with 
associated  injection  and  extraction  lines,  is  shown  in 
Figure  1.  The  positron  and  electron  MDRs  are  identical, 
but  the  positron  complex  includes  a  pre-damping  ring  to 
accept  the  large  emittance  beam  from  the  positron  source, 
and  reduce  its  dimensions  so  that  it  can  be  accepted 
cleanly  by  the  MDR.  The  four  arcs  in  the  MDR  are 
composed  of  detuned  Theoretical  Minimum  Emittance 
(TME)  cells.  The  detuning  from  the  strict  minimum 
emittance  conditions  is  necessary  to  optimize  the  dynamic 
stability  with  the  given  space  constraints.  Two  long 
straights,  each  containing  approximately  30  m  of  wiggler 
are  located  opposite  each  other.  The  remaining  two 
straights  contain  all  other  systems. 


Figure  1:  Overall  Layout  of  the  Electron  MDR 

The  lattice  functions  in  one  TME  cell  are  shown  in 
Figure  2. 


Figure  2:  Lattice  Functions  in  One  Arc  Cell 


The  arc  dipoles  have  a  main  field  of  0.6  T,  and  a 
vertically  focusing  gradient  of  2.0  T/m.  The  horizontally 
focusing  quadrupoles  in  the  cell  are  offset  with  respect  to 
the  nominal  straight  path  between  the  dipoles,  to  provide 
some  bending  of  their  own.  This  helps  to  allow  more 
independent  control  of  the  dispersion  and  horizontal  beta 
function,  to  reduce  the  natural  emittance  of  the  lattice 
while  allowing  flexibility  for  optimizing  the  nonlinear 
dynamics.  The  quadrupoles  have  a  pole-tip  radius  of  24 


mm,  and  the  beam  is  offset  horizontally  from  the 
quadrupole  center  by  2.6  mm. 

The  lattice  functions  in  the  injection  straight  are  shown 
in  Figure  3. 


Figure  3:  Lattice  Functions  in  the  Injection  Straight 


The  injection  septum  is  in  two  parts  with  a  quadrupole 
sandwiched  in  between.  Following  the  injection  kicker  is 
a  four-magnet  chicane,  which  provides  control  of  the 
circumference  over  a  range  ±2  mm  (since  the  RF 
frequency  is  locked  to  other  parts  of  the  collider,  small 
changes  in  beam  energy  must  be  effected  by  direct 
variation  in  the  circumference).  The  extraction  straight  is 
similar  to  the  injection,  except  that  five  RF  cavities  are 
located  immediately  before  the  extraction  kicker.  The 
cavities  allow  variation  of  the  RF  voltage  up  to  2.5  MV, 
so  the  bunch  length  may  be  reduced  (and  RF  acceptance 
increased)  if  allowed  by  collective  effects.  The  location 
of  the  RF  cavities  ensures  that  trains  can  be  extracted  and 
injected  into  the  ring  without  inducing  any  transient 
effects  from  changes  in  the  beam  loading  in  the  cavities. 

CHROMATIC  PROPERTIES  AND 
DYNAMIC  APERTURE 

The  linear  lattice  has  been  designed  to  keep  the  natural 
chromaticities  as  small  as  possible,  and  to  provide 
locations  for  the  chromatic  sextupoles  with  large 
dispersion  and  good  separation  of  the  beta  functions.  This 
allows  the  strengths  of  the  sextupoles  needed  to  correct 
the  chromaticity  to  be  kept  low,  so  that  it  is  possible  to 
obtain  a  reasonable  dynamic  aperture.  There  remains 
some  significant  higher  order  chromaticity:  the  variation 
in  tune  with  momentum  deviations  up  to  ±1.5%  are  shown 
in  Figure  4.  Resonance  lines  up  to  fifth  order  are  also 
shown. 

The  dynamic  aperture  of  the  lattice  for  on-momentum 
particles  is  shown  in  Figure  5.  The  half-ellipse  in  the  plot 
shows  fifteen  times  the  injected  beam  size  at  the 
observation  point.  No  errors  are  included,  except  for  a 
systematic  octupole  component  of  integrated  normalized 
strength  k3l  =100  m'3  per  period.  A  more  detailed  study 
of  the  effect  of  the  wiggler  on  the  beam  dynamics  is 
reported  elsewhere  in  these  proceedings  [3]. 
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Figure  4:  Tune  Variation  with  ±1.5%  Energy  Deviation 


Figure  5:  Dynamic  Aperture  for  On-Momentum  Particles 

For  particles  with  momentum  deviations  of  ±1%,  the 
dynamic  aperture  falls  somewhat  below  the  target  of 
fifteen  times  the  injected  beam  size.  The  dynamic 
aperture  of  the  lattice  is  probably  sufficient,  although 
fUrther  optimization  is  desirable.  Studies  of  the  effects  of 
systematic  and  random  field  errors  and  magnet 
misalignments  are  planned. 

ALIGNMENT  SENSITIVITIES 

The  luminosity  of  the  collider  depends  critically  on  the 
vertical  emittance  from  the  damping  rings,  and  the 
specifications  are  demanding.  The  2001  design  was  very 
sensitive  to  misalignments,  mainly  because  the  vertical 
tune  was  too  close  to  an  integer  value.  This  has  been 
corrected  in  the  present  design.  The  sensitivities  may  be 
quantified  by  giving  the  rms  sextupole  misalignment,  or 
quadrupole  roll,  that  would,  without  any  other  errors, 
generate  the  specified  vertical  emittance  [4].  These 
values  are  given  in  Table  3,  with  values  for  the  Advanced 
Light  Source  (ALS)  at  LBNL  for  comparison. 


Table  3:  Misalignments  Generating  0.02  fim  Vertical 
Emittance 


NLC  MDR 

ALS 

Sextupole  Alignment  [fim] 

53 

30 

Quadrupole  Roll  [/rrad] 

511 

200 

Note  that  a  vertical  emittance  of  0.02  fim  has  recently 
been  achieved  in  the  ALS  [5].  We  therefore  have  some 
confidence  that  the  specified  vertical  emittance  for  the 
NLC  MDRs  is  achievable. 


INSTABILITY  THRESHOLDS 

To  estimate  the  effect  of  the  larger  momentum 
compaction,  we  consider  the  microwave  threshold 
estimated  by  the  Boussard  criterion,  and  the  threshold  for 
a  microwave-type  instability  driven  by  the  radiation 
impedance  (CSR  instability)  [6,7,8].  These  effects  are  of 
concern  because  of  the  increase  in  the  longitudinal 
emittance  and,  more  importantly,  because  of  the  transients 
introduced  if  these  instabilities  appear  in  a  bursting  mode 
as  has  been  frequently  observed.  For  the  nominal  bunch 
charge  of  0.75xl010,  the  microwave  impedance  (Z/ri) 
threshold  has  increased  from  100  m£l  to  630  m£2.  The 
thresholds  for  the  CSR  instability  as  a  function  of 
radiation  wavelength  are  shown  in  Figure  6.  The  vacuum 
chamber  will  cut  off  wavelengths  above  values  around  3 
mm  (which  is  less  than  the  bunch  length).  The  increased 
momentum  compaction  has  significantly  raised  the 
microwave  and  CSR  instability  thresholds,  as  expected. 


Figure  6:  CSR  Instability  Thresholds 


REFERENCES 

[1]  A.  Wolski  and  J.  Corlett,  “The  Next  Linear  Collider 
Damping  Ring  Lattices”,  PAC’01,  p.3795. 

[2]  A.  Wolski  and  Y.  Wu,  “Effects  of  Damping  Wigglers 
on  Beam  Dynamics  in  the  NLC  Damping  Rings”, 
PAC’01,  p.3798. 

[3]  M.  Venturini,  “Wigglers  and  Single-Particle 
Dynamics  in  the  NLC  Damping  Rings”,  these 
proceedings. 

[4]  T.  Raubenheimer  and  A.  Wolski,  “Comparison  of 
Alignment  Tolerances  in  LC  Damping  Rings  with 
those  in  Operating  Rings”,  Nanobeams’02. 

[5]  C.  Steier  et  al,  “Coupling  Correction  and  Beam 
Dynamics  at  Ultralow  Vertical  Emittance  in  the 
ALS”,  these  proceedings. 

[6]  S.  Heifets  and  G.  Stupakov,  “Beam  Instability  and 
Microbunching  due  to  Coherent  Synchrotron 
Radiation”,  PAC’OI,  p.1856. 

[7]  J.  Wu,  T.  Raubenheimer  and  G.  Stupakov, 
“Calculation  of  the  Coherent  Synchrotron  Radiation 
Impedance  from  a  Wiggler”,  Phys.  Rev.  ST  Accel. 
Beams,  6,  040701  (2003). 

[8]  J.  Wu,  T.  Raubenheimer  and  G.  Stupakov,  “Impact  of 
the  Wiggler  Coherent  Synchrotron  Radiation 
Impedance  on  the  Beam  Instability”,  these 
proceedings. 


2777 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


FEEDBACK  ON  NANO-SECOND  TIMESCALES: 
FAST  FEEDBACK  SIMULATIONS 

G.R. White,  Dept,  of  Physics,  Queen  Mary,  University  of  London 


Abstract 

The  FONT  group  (based  at  QMUL  and  Oxford  Universi¬ 
ties)  are  responsible  for  the  design  of  the  IP  fast  intra-train 
feedback  system  to  be  implemented  in  the  IR  of  the  future 
linear  collider.  This  system  is  intended  to  correct  for  lumi¬ 
nosity  loss  due  to  high  frequency  ground  motion.  The  work 
presented  here  was  carried  out  to  test  the  feasibility  of  such 
a  feedback  system  and  to  investigate,  through  simulation, 
the  optimum  design  and  operating  parameters. 

INTRODUCTION 

All  of  the  proposals  for  the  future  linear  collider  require 
similarly  challenging  final  beam  spot  sizes:  TESLA  [1] 
5nm,  NLC/JLC  [2]  2.7nm  and  CLIC  [3]  lnm,  are  the  pro¬ 
posed  vertical  bunch  spot  sizes  at  the  Interaction  Point  (IP). 
This  places  very  rigorous  stability  requirements  on  all  three 
designs.  The  most  severe  tolerance  is  for  the  final  focus¬ 
ing  quadrupole  magnets.  To  keep  the  luminosity  loss  to 
within  2  percent,  the  beams  need  to  be  kept  in  collision  to 
within  40%  and  60%  of  the  final  beam  spot  size  for  NLC 
and  CLIC  respectively.  This  implies  a  tolerance  on  the  fi¬ 
nal  quadrupoles  of  about  lnm  and  0.6nm  for  NLC/JLC  and 
CLIC  respectively. 

The  limiting  factor  for  stability  along  the  beamline  for  the 
linear  collider  is  that  of  ground  motion.  There  has  been  a 
considerable  effort  undertaken  into  the  study  of  the  mag¬ 
nitudes  and  effects  of  ground  motion  at  different  possi¬ 
ble  sites  for  the  linear  collider  which  are  covered  in  de¬ 
tail  elsewhere[4].  If  uncorrected,  ground  motion  causes  a 
total  loss  of  luminosity  at  the  linear  collider  within  sec¬ 
onds  through  beam  misalignment  and  emittance  growth. 
To  combat  this,  a  program  of  passive  and  active  support 
systems  to  stabilise  the  beamline  elements,  together  with 
different  levels  of  beam-based  feedback  systems,  is  being 
pursued. 

Three  levels  of  beam-based  feedback  system  are  being  de¬ 
veloped.  A  slow  feedback  will  move  quadrupoles  and 
structures  onto  the  beam  trajectory  about  every  30  minutes 
to  compensate  for  low  frequency  ground  motion.  An  inter¬ 
pulse  feedback  acts  in  a  few  locations  to  correct  accumu¬ 
lated  errors  that  occur  in  between  the  action  of  the  slow 
system,  and  also  to  provide  the  possibility  of  straighten¬ 
ing  the  beam.  Finally,  a  fast  intra-train  feedback  system 
acting  at  the  IP  keeps  the  beam  in  alignment,  correcting 
for  high  frequency  cultural  ground  motion  moving  the  fi¬ 
nal  quadrupoles.  For  TESLA,  a  second  intra-train  system 
will  be  used  further  upstream  to  additionally  remove  any 
incoming  angle  jitter  which  also  leads  to  a  loss  in  luminos¬ 
ity. 


BEAM  SIMULATIONS  INCORPORATING 
FAST-FEEDBACK  SYSTEMS 

The  fast  feedback  systems  are  designed  to  remove  beam 
jitter  that  occurs  at  frequencies  comparable  with  the  repeti¬ 
tion  rate  of  the  machine  by  measuring  the  first  few  bunches 
in  the  train  and  correcting  the  following  bunches  within 
that  train.  The  bunch  structure  thus  dictates  the  operat¬ 
ing  requirements  for  the  system.  For  NLC/CLIC  designs 
there  are  192/154  bunches  per  train  separated  by  1. 4/0.7 
ns.  TESLA  will  have  2820  bunches  separated  by  337  ns. 
The  NLC/CLIC  case  requires  a  much  more  aggressive  de¬ 
sign  requiring,  at  present,  a  purely  analogue  electronic  ap¬ 
proach.  The  TESLA  scheme  allows  for  a  more  complex 
digital  based  algorithm  to  be  employed.  Simulations  of  the 
fast  feedback  systems  are  written  in  the  Matlab/Simulink 
environment.  The  feedback  system  for  NLC  and  CLIC  is 
based  on  the  system  designed  by  S.  Smith  at  SLAC  [5]. 

SIMULATION  RESULTS 

NLC 

The  effect  of  vertical  beam  offsets  at  the  IP  of  the  NLC- 
H  500GeV  machine  was  studied  with  different  variants  of 
the  feedback  design  implemented  in  the  Simulink  model, 
using  the  GUINEA-PIG  [6]  modelling  package  to  calculate 
the  beam-beam  kick  effects  and  luminosities.  In  the  simu¬ 
lation,  the  BPM  and  kicker  are  assumed  to  be  positioned  at 
a  distance  of  4.3m  from  the  IP  at  the  same  side  of  the  IP, 
where  the  beam  deflection  is  measured  on  one  beam,  and 
the  other  incoming  beam  is  then  kicked.  This  is  possible  at 
NLC  (and  CLIC)  due  to  the  non-zero  crossing  angle.  Al¬ 
though,  at  the  NLC,  with  mechanical  stabilisation  systems 
active,  the  IP  offsets  are  expected  to  be  small  (A y  <  5a)- 
the  effect  of  offsets  of  up  to  40  times  the  vertical  IP  beam 
spot  size  were  investigated  to  see  the  full  capabilities  of  the 
system.  Fig.  la  shows  the  results  of  running  the  simulation 
over  one  full  bunch  train  (192  bunches)  with  different  ini¬ 
tial  offsets.  Shown  in  the  filled-in  region  is  the  case  with 
no  feedback,  where  the  luminosity  quickly  drops  off  as  the 
beams  are  offset,  with  60%  luminosity  loss  for  a  5  ay  off¬ 
set.  The  top  two  curves  show  the  effect  of  the  standard 
feedback  algorithm  with  a  single  gain  stage  set  at  2  dif¬ 
ferent  levels  (‘low*  and  ‘high’).  Low  gain  is  better  at  low 
offset,  high  at  larger  offsets  due  to  the  non-linearity  of  the 
beam-beam  kick  vs.  beam  offset  function.  In  an  attempt 
to  remove  this  effect,  a  linearisation  step  is  included  in  the 
simulation  where  the  gain  is  chosen  based  on  the  incoming 
BPM  signal.  The  third  curve  shows  the  effect  of  a  3-stage 
linearisation  to  the  predicted  beam-beam  kick  curve.  The 
last  curve  shows  the  effects  of  incorporating  a  further  gain 
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stage  in  the  feedback  loop  to  damp  down  the  oscillatory 
effects  arising  from  having  a  too  high  gain  for  the  given 
offset. 

Being  closely  integrated  into  the  Interaction  Region  (IR) 
close  to  the  IP,  the  feedback  system  is  forced  to  operate 
in  an  environment  of  background  particles  generated  at  the 
IP  during  beam  collsions.  This  could  potentially  lead  to 
damaging  effects  to  the  system  itself,  and  also,  through 
secondary  production  and  scattering  of  background  parti¬ 
cles,  to  the  sensitive  particle  detectors  (principally  the  ver¬ 
tex  and  central  tracking  systems).  To  model  the  potential 
impact  of  the  feedback  system  in  the  IR,  GEANT3  [7]  and 
FLUKA99  [8]  models  of  the  IR  were  taken  and  the  ma¬ 
terial  making  up  the  feedback  system  was  added.  Fig.  2 
shows  the  positioning  of  the  BPM  and  kicker  of  the  feed¬ 
back  system  within  the  IR  of  the  NLC  as  implemented  in 
the  models.  The  source  of  background  modeled  was  that 
of  the  coherent  e+e-  pairs  which  were  generated  with  the 
GUINEA-PIG  model  and  then  tracked  through  the  GEANT 
and  FLUKA  models.  Fig.  3  shows  just  a  few  e+e“  pairs 
and  the  associated  scattered  secondaries  tracked  on  one 
side  of  the  IP.  Fig.  4  shows  the  intercepted  elecromagnetic 
background  in  the  strips  of  the  feedback  BPM  strips.  Ac¬ 
cording  to  S.  Smith[5],  the  feedback  system  will  be  sensi¬ 
tive  to  intercepted  EM  radiation  at  the  level  of  3pm  of  Ay* 
(at  the  IP)  resolution  per  electron  knocked  off  the  BPM 
strips.  The  background  radiation  would  thus  present  a  sig¬ 
nificant  source  of  noise  in  the  feedback  system  if  an  inte- 
cepted  spray  of  particles  at  the  BPM  at  the  level  of  105  per 
bunch  crossing  existed.  As  can  be  seen  in  Fig.  4,  the  ex¬ 
pected  level  is  much  less  than  this.  Fig.  5  shows  the  rate 
of  secondary  EM  particles  hitting  the  layers  of  the  vertex 
and  central  tracking  detectors  with  and  without  the  BPM 
and  kicker  of  the  feedback  system  incuded  in  the  GEANT 
model.  As  can  be  seen,  the  inclusion  of  the  system  has 
very  little  impact  on  the  background  levels.  This  is  due  to 
the  positioning  of  the  system  behind  the  masks  and  LCAL 
system  which  are  designed  to  shield  the  IP  from  scattered 
secondaries.  Modeling  of  the  system  forward  of  this  mask 
where  the  system  is  clearly  within  the  field  of  pairs  con¬ 
fined  by  the  solenoid  field  seen  in  fig.  3  shows  a  large  in¬ 
crease  in  detector  backgrounds.  Fig.  6  shows  the  neutron 
flux  in  the  vertex  tracking  layers,  again-  this  positioning  of 
the  feedback  system  has  little  impact  on  the  background 
levels.  The  integrated  flux  with  the  FB  system  included 
is  6.6  ±  1.3  x  109  1  MeV  equivalent  neutrons  per  cm 2 
per  year.  The  default  value  without  the  FB  system  in  is 
5.5  ±  0.8  x  109. 

cue 

For  the  CLIC  simulation,  the  same  system  is  used  as  in 
NLC.  The  curves  in  fig.  lb  show  the  effect  of  offset  beams 
on  luminosity  for  the  cases  of  no  feedback,  and  the  system 
as  described  in  the  above  section  with  the  3-stage  lineari¬ 
sation,  placed  at  a  distance  of  4.3m  as  in  NLC  and  closer, 
1.5m  as  maybe  possible  with  the  CLIC  IR  design.  As  can 


Figure  1 :  Simulation  of  luminosity  loss  at  NLC-H  (left) 
(500  GeV)  with  varying  initial  beam  offsets  at  the  IP. 


Figure  2:  GEANT  model  of  NLC  IR  showing  the  position¬ 
ing  of  the  IP  feedback  kicker  and  BPM  components. 

be  seen,  the  CLIC  luminosity  is  very  dependent  on  highly 
aligned  beams,  the  smaller  train  length  and  shorter  bunch 
spacing  gives  the  feedback  system  less  tries  at  correcting 
the  offsets.  The  latency  of  the  system  is  dominated  by  the 
time  of  flight  of  the  beams  between  IP  and  feedback  com¬ 
ponents. 

As  in  the  NLC  case,  G.Myatt  at  Oxford  has  begun  to  look 
at  the  backgrounds  for  the  CLIC  case  in  a  GEANT  CLIC 
IR  model.  Fig.8  shows  the  CLIC  interaction  region  with 
the  feedback  system  placed  in  a  ’near’  position  inside  the 
mask,  and  a  ’far’  position  outside  of  the  protective  mask.  A 


1 

_ 1 

Figure  3:  GEANT  model  of  NLC  IR  with  20  tracked  e+e“ 
background  pairs.  Charged  particles  are  shown  in  red  and 
photons  in  blue. 
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Figure  4:  EM  background  flux  at  the  z  location  of  the  feed¬ 
back  BPM.  The  stripline  radius  is  shown  as  1cm  in  the  plot. 
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Figure  5:  Background  particle  flux  in  the  vertex  (left)  and 
central  (right)  trackers.  The  predominent  backgrounds  of 
charged  particles  in  the  vertex  tracker  and  photons  in  the 
TPC  are  plotted  for  the  IR  with  and  without  the  feedback 
material  included. 


sample  train  of  CLIC  background  e+  e~  pairs  were  fed  into 
the  GEANT  model  and  tracked.  Initial  studies  show  that 
the  far  position  gives  about  2  extra  hits  per  ram2  per  train 
in  the  vertex  detector  (compared  with  no  feedback  system 
present).  The  near  position  produces  negligible  extra  hits  in 
the  vertex  detector  but  produces  considerable  extra  neutral 
background  radiation  in  the  end  of  the  unprotected  TPC. 
Further  studies  will  continue  for  the  CLIC  case. 


Figure  6:  The  neutron  flux  in  the  5  layers  of  the  vertex 
tracker  with  and  without  the  feedback  system  included  in 
the  IR  FLUKA99  model. 
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Figure  7:  Simulation  of  luminosity  loss  at  CLIC  500  GeV 
machine  with  varying  initial  beam  offsets  at  the  IP. 


Figure  8:  Two  positions  for  the  CLIC  feedback  system- 
’near’  and  ’far’,  inside  and  outside  the  mask  region. 
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FORM-FACTOR  FOR  A  TARGET  USED  FOR  POSITRON  GENERATION 
WITH  UNDULATOR  RADIATION  CONVERSION1 

A.Mikhailichenko,  Cornell  University,  LEPP,  Ithaca  NY  14853,  USA 


Abstract 

It  is  shown  here  that  the  needle  type  target  gives 
advantages  in  conversion  of  gammas  from  helical 
undulator  into  positrons.  This  is  not  possible  with  usual 
electron  to  positron  production  method. 

INTRODUCTION 

In  all  operational  electron-positron  colliders, 
positrons  created  by  primary  electrons  in  a  heavy  material 
target.  This  primary  electron  beam  with  energy  E0,  when 
hits  the  target,  develops  a  cascade,  what  is  a  mixture  of 
electrons,  positrons  and  gammas.  Namely  these  gammas 
are  responsible  for  positron  creation  in  electric  field  of 
nucleus  of  target  material.  This  cascade  develops  along 
the  target  starting  from  the  points  of  penetration  of  initial 
beam.  The  cascade  propagates  inside  matter  until  energy 
of  particles  reaches  the  critical  value,  j5'c  s  61 0/("Z  + 1.24;, 
MeV,  Z  stands  for  atomic  number.  Transverse  size  of  the 
cascade  in  maximum  is  of  the  order  of  Moliere  radius 
Rm  =  X0Es  /  Ec ,  where  X0  is  a  radiation  length, 

Es  =  •  me1  £21.2AfeF~is  a  scale  energy.  For  W 

<  =  2.57*0,  (C  =  0.9cm).  For  Ti,  <  s0.7*0, 
(/£  =  2.45cm). 

In  many  laboratories,  including  BINP  Novosibirsk, 
there  were  carried  investigations  on  how  shape  of  the 
target  can  increase  the  yield  of  positrons.  Desire  was  to 
let  positrons,  created  inside  initial  parts  of  volume,  escape 
from  the  target  through  the  sides  without  experience  of 
multiple  scattering. 

Result  for  W  in  traditional  conversion  scheme  was 
negative,  however-  targets  are  relatively  short  and  there  is 
no  much  room  for  manifestation  of  angular  escape.  So, 
now  all  operational  targets  are  wider,  than  the  width  of  a 
cascade  at  maximum,  Rt  ^  RM  . 

POSITRONS  GENERATION  WITH 
UNDULATOR 

Method  of  polarized  positron  generation  was  proposed 
in  [1].  In  this  new  method,  at  first  stage,  circularly 
polarized  gammas  obtained  from  primary  high-energy 
(>100  GeV)  electron/positron  beam  by  beamstrahlung  in  a 
helical  undulator/wiggler.  At  second  stage  these  circularly 
polarized  gammas  converted  into  positrons/electrons  into 
thin,  -0.5Xo,  target.  Just  selecting  the  positrons  or 
electrons  with  highest  possible  energy,  one  can  obtain  a 


beam  of  longitudinally  polarized  secondary  particles.  For 
the  wiggling  by  primary  beam  it  was  suggested  to  use 
electromagnetic  waves,  fields  of  helical  crystals  and  static 
helical  fields  [1].  Static  helical  magnetic  fields  were  found 
as  the  only  practical  ones,  however. 

Laser  radiation  as  a  kind  of  electromagnetic  wave 
was  specially  mentioned  in  1992  [2]  as  an  example. 
Formulas  and  the  method  are  the  same,  naturally.  Later, 
in  1995,  the  way  with  laser  radiation  was  manifested  as  a 
direct  line  for  JLC  [3,4]. 

For  successful  operation,  the  number  of  periods  in 
undulator  must  be  around  M=  104,  what  defines  the  total 
length  of  undulator  L  =  MXu^.  100  m  with  period 
A  =  1  cm.  This  covers  the  losses  associated  with  energy 
selection  of  particles.  It  was  found  (see  [7,  9]  for  details) 
that  optimal  value  of  undulatority  factor  K  -  eHAu  flume1 

is  £-0.4.  Polarization  >  65%  can  be  obtained  with  such 
long  undulator. 

So  one  can  see,  that  any  percentage  in  increase  of 
positron  production  allows  the  same  percentage  in  cut  of 
100  m  undulator. 

Size  of  the  gamma  beam  and  angular  spread  can  be 
estimated  as 

ar  +  D^<  S2  >  =Lt]<  S1  >  =5-10^w, 

(1) 

where  the  distance  from  the  target  to  the  undulator  D 
estimated  as  D-Z,  and  the  size  of  primary 
electron/positron  beam  included  too.  These  numbers  used 
for  numerical  modeling  of  conversion. 

DESCRIPTION  OF  PROCEDURE 

For  calculations  the  code  CONVER  [5]  operating  on 
PC  was  used.  The  code,  in  its  turn,  uses  results  of 
calculations  done  by  other  code-  UNIMOD2  [6].  The  last 
one,  EGS-like  code,  calculates  the  cascade  processes  in 
semi-infinite  media,  keeping  the  individual  history  of 
every  particle  in  cascade  since  the  first  appearance. 
Calculations  in  CONVER  arranged  so  that  the  files 
obtained  from  UNIMOD2  are  transferred  to  PC  and  user 
can  easily  assemble  a  target  of  any  shape  as  a  sum  of 
isles,  each  of  them  is  a  body  of  revolution  with  polygonal 
cross  section.  If  trajectory  of  any  particle  in  cascade  meets 
empty  space,  its  trajectory  just  continued  linearly  by 
CONVER  up  to  the  next  isle  with  material.  Individual 
parameters  of  every  particle  in  cascade  at  the  out  of  target 


1  Extended  version  is  available  at  http://www.lns.comell.edu/public/CBN/2003/CBN03-2/CBN03  2.pdf.  Work 
supported  by  NSF. 


0-7803-7738-9/03/$!  7.00  ©  2003  IEEE 


2781 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


region  allow  to  calculate  efficiency  as  well  as  to  prepare 
the  files  for  further  tracking. 

With  help  of  these  codes  numerous  parameters  were 
calculated,  such  as,  for  example,  polarization,  energy 
deposition  and  efficiency  as  function  of  thickness  [7]. 

TI  TARGET 

Although  utilization  of  undulator/wiggler  conversion 
decreases  average  power  deposition  in  target  >102  times, 
it  is  still  not  enough  for  TESLA.  Utilization  of  Ti  for 
target  was  suggested  in  [8];  namely  this  publication 
initiated  work  with  Ti  in  [7].  In  addition  to  bigger  volume 
of  cascade  developing  in  this  material,  it  has  higher  heat 
capacity.  This  is  a  sequence  of  Dulonge-Petite  law. 

Now,  as  the  cascade  process  is  no  longer  involved  in 
conversion  with  undulator,  result  of  shape  optimization 
might  indicate  some  significant  improvements.  First 
results  were  quite  positive.  This  was  mentioned  for  the 
first  time  in  [9]. 

As  all  the  files  with  Ti  from  UNIMOD2  were  preserved 
since  the  [7]  done,  it  was  easy  to  make  calculations  for  the 
form-factor  now.  Example  of  graphical  presentation  of 
output  coordinates  is  shown  in  Fig.l.  Here  the  shape  of 
cylinder  is  clearly  visible.  Each  point  represents 
coordinates,  when  particle  (positron)  leaves  the  target. 


Figure  1:  Different  type  of  arrays  of  output  coordinates. 
Type#l  for  relatively  short  target.  Type  #2-for  the  long 
target.  Lengths  of  cylinders  are  not  in  scale  with  diameter. 

In  Fig.2  the  efficiency  represented  as  functions  of 
thickness  for  different  target  diameter.  Energy  of  photons 
Ey=  30  MeV,  positrons  selected  in  interval  15-30  MeV 

within  capturing  polar  angle  A$<0.5  rad.  After 
Rt  >  A<Jy  the  graphs  began  decline  as  functions  of 

thickness  -positrons  cannot  escape  freely  though  the 
sides.  One  can  see,  that  efficiency  of  positron  conversion 
for  infinitely  wide  target  has  maximum  around  1.25  cm 
long-target.  Accuracy  of  calculation  was  <  10%. 

Same  data,  as  in  Fig.8,  but  transposed,  are  represented  in 
Fig.8.  Typically  parameters  of  targets  considered  for 
DESY  so  far  located  behind  the  right  edge  of  this  Fig.8- 
wide  targets.  It  is  clearly  seen  from  this  figure,  that 
optimum  target  diameter  is  somewhere  between  0.75-1.0 
mm.  Even  for  target  having  length  ~1  cm  it  is  better  to 
have  its  diameter  small,  something  about  1  mm.  This  is  a 
new  result. 

So  the  strategy  in  obtaining  maximum  yield  is  now  to 
increase  the  length  of  the  target  simultaneously  decreasing 
its  radius  to  about  Rt  £  2cr 


Efficiency  ,%  as  functions  of  length  tor  ctfferent  radiuses 


Figure  2:  (Color)  Efficiency  as  functions  of  target  length 
for  different  values  of  radius. 

Efficiency,  %  as  functions  of  radius  for  different  length  of  target 


Radius,  cm 

Figure  d:  (Color)  Efficiency  as  functions  of  target  radius 
for  fixed  length.  Curves  are  running  for  lengths  0.5, 
1.0, 1.5, 2.0,  3.0,...  11,  13,  15  cm. 


TECHNICAL  REALIZATION  OF 
COLLECTION  SYSTEM 

First  scheme,  Fig.4,  uses  short  target  with  reduced 
diameter.  Here  Ti  needles  pressed  is  Be  wheel.  All 
assembly  located  in  vacuum.  Rotation  of  wheel 
synchronized  with  repetition  rate  of  machine. 

Total  power  deposited  in  the  target  system  is  few 
hundreds  Watts  only,  so  the  cooling  is  not  a  problem  here. 
Other  technical  solution  is  shown  in  Fig.5.  Here  the  target 
of  2-6  cm  long  enclosed  into  a  Ti  cylinder  with  a  coolant 
running  inside.  For  coolant  it  is  naturally  to  use  liquid 
Lithium.  For  pumping  of  liquid  Lithium  a  well-developed 
technique  can  be  used  [10]. 

Some  of  positrons  can  hit  the  target  again,  but  as  the 
target  is  thin  in  transverse  direction,  the  scattering  is 
small.  Scheme  with  flux  concentrator  of  this  type  was 
successfully  implemented  into  CESR  [1 1]. 
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Figure  4:  Realization  of  multi-target  assembly.  Ti  needles 
pressed  into  Beryllium  wheel.  Here  1  is  Beryllium  wheel, 
2  are  Ti  needles,  3— is  a  flux  concentrator,  and  4-bearings. 


Figure  5:  Another  technical  realization  of  target  assembly. 
Ti  target  enclosed  in  Ti  container  with  Li  coolant. 

Other  way  to  increase  cooling  of  target  is  shown  in  Fig. 
6.  Coolant  flowing  between  discs  effectively  working 
because  the  distance  from  coolant  edge  to  the  point  inside 
the  target  defined  by  thickness  of  the  disc,  not  a  diameter. 


Figure  6:  Sandwich-type  high  power  target.  W  or  Ti 
target  discs  enclosed  in  Ti  container  with  coolant. 

One  other  way  to  increase  positron  production  -utilization 
of  few  targets  and  combining  positrons  into  longitudinal 
phase-space  is  among  guaranteed  ones  [1],  [7],  [9],  [12]. 
This  is  also  some  kind  of  form-factor  problem. 

CONCLUSION 

Increase  in  positron  production  allows  proportional 
shortage  of  -  100-meter  undulator  and/or  a  source  of 
additional  operational  margins  for  conversion  system. 

It  is  shown  here  for  the  first  time,  that  needle-like  Ti 
target  with  radius  -1mm  ( R,  =  2a r )  can  give  yield 

-1 1.4%,  which  needs  to  be  compared  with  -2.7%  yield  for 
infinitely  wide  target  and  the  same  capturing  angle 
~0.5rad  and  for  Ef  =  30 MeV  .  This  is  two  times  bigger 
than  for  W  target.  Of  cause  final  numbers  will  depend  on 


capturing  system,  however  indication,  that  form-factor  can 
improve  the  yield  so  much,  gives  the  basis  for  target 
optimization  for  real  LC  conversion  unit.  Decreasing 
diameter  of  the  target  also  helps  in  cooling,  even  if  the 
target  is  short. 

Optimistically  speaking,  one  can  expect  shortage  of 
undulator  length  at  least  in  half  if  the  optimal  target  shape 
is  used.  If  the  length  kept  the  same,  this  optimization  will 
give  wider  operational  margins  or  higher  polarization,  as 
one  can  select  among  much  more  positrons  now. 

In  conclusion  Author  thanks  A.D.  Bukin  for 
permission  to  use  his  code,  which  made  this  job  possible. 
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PULSED  UNDULATOR  TO  TEST  POLARIZED  POSITRON 
PRODUCTION  AT  SLAC 

A.Mikhailichenko,  Cornell  University,  LEPP,  Ithaca  NY  14853,  USA 


Abstract1 

We  represent  technical  details  and  results  of  testing 
pulsed  undulator  with  -2-mm  period,  K-0.1, 
manufactured  by  Cornell  LEPP  for  test  of  polarized 
positron  production  at  SLAC. 

INTRODUCTION 

Conversion  system  for  polarized  positron  production 
[1]  contains  -130  m-long  helical  undulator  followed  by 
thin  target.  Helical  gammas  radiated  by  primary  high- 
energy  beam  in  undulator  transfer  theirs  polarization  to 
the  positrons  and  electrons  at  the  high  edge  of  energy 
spectrum.  Selecting  secondary  positrons/electrons  by 
energy,  one  can  at  the  same  time  select  theirs  polarization 
(higher  energy-higher  polarization).  Right  now  there  is  a 
proposal  for  E-166  experiment  at  SLAC  [2]  to  test  this 
idea,  initiated  by  publication  [3]. 

Experiment  requires,  that  undulator  ~l-long,  must  be 
installed  in  FFTB  channel.  Here  -50  GeV  SLAC  beam 
will  generate  -10  MeV  gammas  [2].  General  descriptions 
of  -2  mm  -period  undulators  suitable  for  these  purposes 
were  done  in  [4],  [5],  and  model  with  period  2.4mm  was 
manufactured,  Fig.l.  This  model  was  tested  for  1  kV  of 
static  voltage.  In  this  publication  we  describe  more 
engineering  details  of  undulator  design. 


Figure  1:  Model  of  pulsed  undulator  with  period  of  2.42 
mm  and  231.5  mm  long  [4].  Three  G-10  rods  squeezed 
with  help  of  short  rings  having  cylindrical  grooves.  This 
arrangement  serves  as  a  positioning  system 

One  meter  long  pulsed  undulator  having  6  mm  period 
and  the  axis  field  ~6kG  (K  ^  0.35 2)  was  successfully 
tested  many  years  ago  [6].  The  feeding  current  in  a  wire 
with  1  x  1  mm2  cross  section  was  -10  kA.  Pulse  duration 
was  -50  /i sec,  feeding  voltage  -  1.19  kV  required  by 
inductance  -1 .3  //  H  allowed  operation  with  repetition 
rate  of  25Hz3.  Such  high  current  (and  inductance)  was 
forced  by  the  aperture  clearance  of  4mm  in  diameter 


1  Extended  version  is  available  at 
http://www.lns.cornelI.edu/public/CBN/2003/CBN03- 
5/CBN03  5-ndf 

2  This  value  is  optimal  for  150  GeV  primary  beams. 

3  Required  by  VLEPP  parameters  at  that  time. 


required.  Intensive  cooling  of  this  device  was  a  main 
engineering  achievement. 

Namely  this  technology  was  used  for  short  period 
undulator  suitable  for  test  at  SLAC. 

GENERAL  DESCRIPTIONS 

Undulator  has  two  helixes  shifted  in  longitudinal 
direction  by  half-period  [7],  Fig.2.  Technology  for 
manufacturing  of  double  helix  with  period  2.4  mm  was 
tested  successfully  [4].  There  was  not  found  any 
limitation  to  make  the  windings  with  period  2  mm.  Small 
period  required  for  generation  of  gammas  with 
appropriate  energy  -10  MeV,  forcing  shrinkage  of 
aperture.  Fortunately  this  drastically  reduces  inductance 
of  undulator.  In  its  turn  this  yields  proportional  reduction 
of  voltage  required  for  excitation  of  necessary  current 
-1.6  kA.  The  helixes  immersed  in  coolant  liquid  avoiding 
overheating. 

Basically  the  helixes  will  be  wound  on  the  StSt  tube  of 
gage  size  19  with  nominal  OD  0.042”  (1.0668  mm). 
Kapton  insulation  0.003"  -  thick  will  serve  for  electrical 
insulation.  This  tube  has  the  wall  thickness  of  0.0035” 
(0.0889mm)4.  This  tube  allows  the  ID  diameter  0.889  mm 
available  for  the  beam. 


Figure  3:  General  view  of  undulator.  Length  is  shown  in 
inches.  The  current  feed-throughs  (four  in  total)  located  at 
the  central  part.  Circled  region  scaled  in  Fig.6.  StSteel 
flanges  are  the  parts  of  transitions  welded  to  A1  corps. 

General  view  of  undulator  represented  in  Fig.  5.  Total 
length  of  undulator  is  45 Y  =114,)  cm  allowing  pure 
helical  winding  occupy  2x50  cm  of  each  helicity.  Corps 
made  from  Aluminum  alloy.  We  used  here  the  same 
scheme  for  fixation  core  with  helixes  as  in  [6].  StSteel 
flanges  are  welded  to  the  corps  using  commercially  made 
transitions  .  Cross  section  of  undulator  in  regular  part  is 
represented  in  Fig.  6.  Basically  the  body  of  undulator  is 
an  3"  x  3"  x  41"  Aluminum  block  with  groove  in  the 
middle.  Inside  this  groove  two  roads  5  located  in  comers, 
giving  the  basis  by  theirs  surfaces.  These  roads  made 
from  G10  cylindrical  rods  of  0.375"  in  diameter.  After 
making  cut  with  60°  upper  surfaces  of  these  roads 
coincide  with  axes  of  undulator.  This  axis  located 
=  1.5"  from  the  bottom  surface.  The  third  road  presses  the 
helical  windings  to  the  basement  lodgment  arranged  by 


4  New  England  Small  Tube  Catalog,  tube  GS#19,  XTW. 

5  Thermionics  Northwest,  Inc. 
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other  two  by  springing  bars  seeing  if  Fig.4,  and  marked  as 
4  in  Fig.6. 


Figure  4:  Cross-section  of  undulator,  Fig.5.  Two  G10  rods 
are  based  in  comers  of  long  groove.  Third  rod  with  help 
of  springing  bars  4  compresses  the  windings  to  the  other 
two  ones.  1  -is  a  cover,  2  -is  bi-helix.  3  -is  a  corps,  5  - 
are  G10  rods,  6  -is  filled  with  coolant.  Parts  1,  3  made 
from  Aluminum. 


Figure  5:  Scaled  view  of  circled  parts  in  Fig.3.  1  -is  the 
helixes,  wounded  on  StSteel  tube.  2— is  the  corps,  3— is  a 
cover,  4  -is  the  upper  rod,  5— is  end  cup,  6— is  intermediate 
cup,  7— is  a  standard  2%  flange,  8— is  a  StSteel-Aluminum 
transition,  9-is  the  end  commutation,  10  -are  screws,  1 1- 
is  a  springing  washer,  12— is  a  trimming  conducting 
cylinder  (flux  attenuator).  Inner  volume  filled  by  coolant. 

End  part  of  undulator  circled  in  Fig.  5  is  shown  scaled 
in  Fig.7.  Here  helixes  1  with  tube  based  on  the  surface  of 
two  rods.  It  is  clearly  seen  the  end  commutation  9  made 
with  ring.  Conically  expanded  helixes  can  be  seen  here 
too.  Conical  expansion  made  for  proper  adjustment  of 
integrals  along  edge  region.  For  the  same  purposes  the 
conducting  cylinders  (See  Fig.8)  serve  too.  For  high- 
energy  particles  the  radius  of  space  helix  of  trajectory  is 
very  small,  p^XuK/27ry ,  where  K- is  undulatority 

factor.  For  SOGeV  beam  /  =  10s  and  for  our 
parameters  p  £  3  •  1 0"7  mm  allows  to  treat  trajectory  as  a 


straight  line  when  calculating  integrals  along  trajectory. 

Intermediate  cap  6  made  from  St  Steel  welded  to  the 
transition.  In  this  design  standard  transition  Al/StSteel 
with  rotatable  flange  used  at  both  ends.  StSteel  tube 
(vacuum  chamber)  caring  the  helixes  brazed  to  the  cap  6 
with  end  cap  5.  This  end  cap  5  allows  small  transverse 
movements,  accommodating  the  transverse  position  of  the 
end  cap  on  the  orifice  of  intermediate  cap  6.  With  the 
help  of  threads  10  and  washer  1 1  the  vacuum  tube  can  be 
stretched  in  longitudinal  direction.  That  is  why  the 
intermediate  cap  6  made  with  developed  surface.  Copper 
cylinder  12  serves  as  trimming  flux  attenuator. 

Upper  rod  has  grooves  with  period  of  helix,  fixing 
longitudinal  positions  of  the  wires. 


FIELDS  IN  UNDULATOR 

Fields  in  undulator  calculated  analytically  and 
numerically  with  3D  code  MERMAID.  We  used  both 
ways  for  the  field  evaluation.  Both  gave  the  same  result 
[4].  Field  attenuation  defined  by  skin-depth  in  StSteel, 
what  is  of  the  order  -3.6mm  for  such  duty  times.  So 
attenuation  is  going  to  be  2.4%. 

For  our  case  the  only  first  longitudinal  harmonic  is 
important.  For  the  axis  field  of  undulator  with  thin  wires, 
one  can  obtain  expression  as  [4] 

H(Ofi.z)  =  — x  f  ^2.)  x  cos  ( — 1  x  K c;(  — 1  •  (2) 


This  formula  is  illustrated  in  Fig.6.  One  can  see  from 
there,  that  for  Xu  s2 a  the  field  is  only  -17%  less,  than 

asymptotical  value  for  infinitely  long  two-wire  line. 
Longitudinal  profile  at  the  end  of  helixes  is  represented  in 
Fig.7.  This  type  of  field  mapping  used  for  modeling  end 
field  effects.  Fig.  8  explains  what  type  of  corrections  used 
to  trim  end  fields. 


of  Au ,  Current  7=1  A.  Saturation  indicates  that  the  field 
can  be  calculated  as  for  two  parallel  infinitely  long  wires. 


±1— •« 

D 


Figure  7:  (Color)  Longitudinal  field  profile,  kG  along 
undulator  aperture  near  the  end,  cm.  End  correction. 
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Figure  8:  (Color)  End  correction  made  for  input,  left  and 
conductor  jumper,  right.  Cupper  cylinder  serves  as  a  flux 
attenuator. 

Integrals  calculated  from  fixed  point  inside  the  undulator 
to  the  point  far  out  from  the  end  and  the  integral  for 
central  (axes)  line  subtracted  from  every  one,  calculated 
for  off-axis  position.  The  difference  after  correction 
remains  within  0.0025kGcm.  Even  not  corrected  end 
commutation  gives  integral  deviation  -0.035  kG*cm , 
what  yields  the  angular  kick  x' z  2 -lO'7 rad  only  for 
50GeV  beam.  Nevertheless  this  commutation  correction 
is  a  useful  tool. 

PARAMETERS 

Parameters  of  undulator  are  represented  in  Table  1 
below.  Voltage  required  based  on  the  calculation  of 
inductance  done  at  die  same  time  with  field  calculations. 
Number  of  quants  radiated,  radiation  losses  and 
polarization  value  are  taken  from  [4]  and  [9]. 

Factor  Power  supply  described  in  detail  in  [5],  It  is  pretty 
much  the  same  type  used  in  [8],  see  Fig.  9. 


Table  1. 


Parameter 

Value 

Value 

Length 

2  X  50cm 

2  X  50cm 

Period 

2.0mm 

2.4mm 

Axis  field 

5.6  kG 

7.62  kG 

K 

-0.1 

-0.17 

hco 

11.7MeV 

9.94 

10MeV(50GeV) 

8.5MeV(46GeV) 

Losses/part. 

1.15xl0~12  J/m 

0.31  xlO-12  J/m 

Losses 

1.902  MeV/m 

Quants/particle 

0.16/m 

0.36/m 

Current 

1.6kA 

2.3  kA 

Pulse  duration 

30  ps 

30  ps 

Heating/pulse 

-3  degC 

-2.7  degC 

Inductance 

~9.9xl0"v  H/cm 

-8.6x1 0'9  H/cm 

Resistance 

-0.00350hm/cm 

-0.0011  Ohm/cm 

Inductive 

Voltage/length 

1.65V/cm 

-1.54V/cm 

Resistive 

Voltage/length 

5.6V/cm 

-2.5V/cm 

Average 

polarization 

90% 

-90% 

Radiation  in  the  undulator  is  typical  for  quantum  regime: 
the  amount  of  energy  radiated  by  particle  in  less,  than 
energy  of  quanta.  This  brings  the  radiation  process  in 
statistical  regime. 


Figure  9:  Scheme  of  pulser  for  undulator. 


CONCLUSIONS 

Pulsed  undulator  developed  for  E-166  experiment  at 
SLAC  itself  despite  its  unique  parameters  looks  also  a 
pretty  guaranteed  from  the  engineering  point  of  view. 
Real  test  with  designed  pulsed  current  is  under 
preparation.  Static  test  of  insulation  done  at  the  Air  for  1 
kV  DC  voltage  applied  to  the  chamber  and  wires. 

We  believe  however,  that  for  future  linear  collider  a  SC 
undulator  with  large  (~6mm  in  dia)  aperture  and  -8mm 
period  is  more  suitable  from  the  exploitation  point  of 
view. 
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THE  TECHNICAL  REALISATION  OF  RF  KICKERS  FOR  CLIC  TEST 

FACILITY  CTF3 

E.Plawski,  S.Kulinski,  A.Kucharczyk,  INS,  Swierk, Poland 


Abstract 

The  bunch  train  compression  scheme  in  CLIC  Test 
Facility  CTF3  includes  two  fast  RF  kickers  operating  in 
deflecting  mode  on  3  GHz  frequency.  The  kickers 
designed  by  common  INFN-Frascati/INS-Swierk  effort 
were  produced  in  Institute  for  Nuclear  Studies  in  Swierk 
and  are  successfully  operated  at  full  power  in  CTF3 
experiment  in  CERN.  The  details  of  fabrication  procedure 
and  low  power  RF  measurements  are  presented  in  this 
paper. 

INTRODUCTION 

In  CTF3,  30  GHz  high  power  generation  experiment, 
two  fast  kickers  are  needed  [1]  for  injection  of  electron 
beam  bunches  to  combiner  ring. 

The  kickers  [2]  are  disk-loaded,  backward  type 
waveguides  working  in  the  2  /3,  EHn  hybrid  mode.  They 
are  essentially  based  on  formerly  optimised  at  CERN 
waveguide  for  beam  deflection[3]. 


BASIC  PARAMETERS  OF  DEFLECTOR 

Type:  Travelling  wave  RF  structure  working  in  EHn 
deflecting  mode,  f  =  2998.55  [MHz] 

No  of  active  rf  cells  N  -  10 

Phase  shift/cell  2  /3 

Length  including  2  coupling  cells  46cm 
I/O  ports  SLAC  type  flanges,  WR  -284 
RF  power  in  pulse  P  =  8  [MW] 


average  less  than  5kW 


Fig.l  Full  scale  aluminium  model  of  TW,  2998.5MHz 
deflecting  structure 


On  the  basis  of  3D  calculations  performed  in  LNF- 
INFN  Frascati  ,  the  full  scale,  n-cell  (n=2...10) 
aluminium  model  shown  in  Fig.l  was  build  and  measured 


in  INS  in  order  to  acquire  the  necessary  experimental 
knowledge  on  deflecting  mode.  The  influence  of  mode 
polarisation  rods  as  well  as  frequency  dependence  on 
coupling  measuring  antennas  size  and  structure 
temperature  were  verified.  Also  the  size  of  matching  iris 
apertures  in  coupling  cells  was  experimentally  verified. 

The  results  of  calculations,  MAFIA  and  HFSS 
simulations  and  model  measurements,  were  reported  at 
EPAC  2002  Conference  [3].  Also  the  phase  shift  per  cell 
method  of  measurements  to  be  used  in  ready  made  RF 
copper  deflectors  was  mastered  on  this  model  (detuning 
plunger  method). 


FABRICATION  OF  COPPER 
DEFLECTORS 

The  components  of  deflector  are  fabricated  from  certified 
OFHC  copper  delivered  by  Outukumpu  Enterprise*.  The 
measured  Cu  content  was  99.998%  and  oxygen  content 
below  1.0  ppm.  This  last  number  is  extremely  important 
when  technology  of  hard  soldering  (brazing)  in  hydrogen 
atmosphere  is  used,  which  was  the  case  of  our  RF 
deflectors  manufacture  in  2002,  Unlike  in  the  old  CERN 
procedure,  the  single  cells  of  deflector  were  designed  in 
the  form  of  cups  (Fig.2). 

The  cups  are  brazed  together  to  form  a  disk-loaded 
circular  waveguide  structure  of  deflector.  Such  solution  is 
a  little  more  difficult  in  machining  but 


Fig.  2  The  pilot  series  of  4  cells  after  hydrogen  furnace 
brazing  with  880°C  LV30P  filler  alloy. 

reduces  by  factor  2  the  number  of  brazed  joints. 

Pilot  series  of  cells  was  produced  to  check  the 
repeatability  of  machining  (numerical  lathe  and  milling 

*  Outukumpu  Poricopper,  Pori, Finland 


0-7803-7738-9/03/$  17.00  ©  2003  IEEE 


2787 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


machines  with  typical  tolerance  of  ±0.01  mm).  This  series 
was  used  next,  to  experiment  the  brazing  procedure  in 
hydrogen  furnace. 

All  along  the  deflectors  manufacture  process,  the 
procedure  of  lubrication,  chemical  cleaning  and  vacuum 
out-gassing  at  elevated  temperature  was  chosen  such  as  to 
reach  in  ready  made  deflectors,  the  vacuum  better  than 
10'9  Torr  after  few  hours  of  pumping. 

During  machining,  MOBIL-SOLVAC  1535GD  lubricant 
(liquid  containing  sodium  sulfonate  and  boric  acid  esters)* 
was  used. 

The  chemical  cleaning  before  brazing  involved  following 
steps: 

-washing  in  trichloroetylen(before  rf  checks  of 
cylinders), 

-  etching  (  ortophosphoric  acid  or  mixture  of  sulphur  and 
nitric  acids), 

-  washing  in  alkaline  detergent  liquid  followed  by  hot  tap 
water, 

-  washing  in  hot  distilled  water  and  drying  in  vacuum 
oven. 

The  brazing  was  made  in  several  steps  with  three  brazing 
alloys:  LV30P(30%Cu,60%Ag,10%Pd)  at  880°C,  copper 
silver  eutectic  LV28(28%Cu,72%Ag)  at  780°C,  and 
Incusil-15  at  700°.  Intermediate  measurements  of 
frequencies  (  single  cells,  dispersion  curves  before  and 
after  soldering  )  are  executed  in  order  to  have  full  control 
of  prototype  production.  The  measured  dispersion  curve 
of  soldered  8  internal  cells  is  shown  in  Fig.3.  Side  half¬ 
cells  were  attached  at  both  ends  of  the  set  to  enable  the 
excitation  of  2  /3  mode.  As  it  is  seen  from  the 
measurement  ,the  rod  splitters  shift  the  lowest  frequency 
of  vertical  polarity  by  38.9MHz  above  the  2  /3  working 
horizontal  polarity  of  mode  . 


0.00  0.20  0.40  0.60  0.80  1.00 
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Fig.3  Dispersion  curve  of  dipole  mode  measured  in  8  brazed 
internal  cells  with  added  side  half-cells. 

The  choice  of  hydrogen  atmosphere  brazing  was  forced 
by  the  lack  of  vacuum  furnace  of  sufficiently  large 

f  Producer:  MOBIL  OIL  Corporation, Princeton, N.J., USA 


diameter.  Biggest  hydrogen  furnace  can  accommodate  the 


pumped  and  heated  in  vacuum  chamber  to  the 
temperature  180°C  limited  by  aluminium  vacuum  seals 
used  (  the  beam  input/output  tubes  are  sealed  with 
aluminium  vacuum  gaskets).  The  last  operation  of 
fabrication  procedure  is  the  check  of  leak  rate  using 
helium  leak  detector  after  which  the  deflector  is  closed 
under  the  high  vacuum  till  the  RF  final  measurements. 
The  helium  leak  detector  ASM-181f  /  ALCATEL  with 
the  sensitivity  better  than  10-10  Torr  1/s  was  used  for  that 
purpose  and  no  leaks  were  found  in  both  deflectors.  The 
deflector  ready  for  safe  transportation  is  shown  in  Fig.4. 


whole  deflector  including  coupling  waveguide  chimneys. 
After  the  last  brazing  operation  the  whole  deflector  i 


Fig.  4  3  GHz  deflecting  structure  after  fabrication 


Appropriate  cooling  in  moderate  average  power  rf 
cavities  is  provided  by  either  water  cooled  tubes  directly 
soldered  to  cavity  body  outside  surface,  or  by  special  de¬ 
mountable  cooling  panels  attached  tightly  to  cavity  body 
after  high  temperature  out-gassing.  As  the  cavity  side  wall 
is  thick  (inner  diameter  11.2cm,  outer  diameter  12.4cm) 
the  last  solution  was  adopted.  It  consists  of  eight 
attachable  mechanically  (  not  soldered!)  copper  heat 
radiators,  each  made  of  38mm  wide  rectangular  pipes 
assuring  good  thermal  contact  on  side  surface  of 
deflector. 


MEASUREMENTS 

During  the  fabrication  procedure  and  after 
completion  of  each  deflector  thorough  RF  measurements 
were  made  in  order  to  guarantee  the  designed  parameters. 
After  machining,  the  frequencies  of  all  single  cups  were 
controlled  in  the  known  design  frequencies  test  set.  The 
test  set  consists  of  standard  cell  having  exact  internal 
dimensions  of  deflector  cell  coupled  to  measured  cup,  in 
aim  to  form  two  cell  resonator.  The  dispersion  curves  of 
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string  of  internal  cells  were  measured  before  and  after 
first  brazing  operation  (vide  Fig.3). 

The  last  measurement  was  the  control  of  phase  advance 
per  cell  of  ready  made  deflector.  The  method  of 
“detaining  short”  developed  at  SLAC  [4]  was  applied. 
The  HP  8753C/85047A  vector  network  analyzer  was  used 
to  trace  the  phase  advance  corresponding  to  sliding  short 
jump  from  cell  to  cell. 
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Fig.5  The  measured  phase  advance  per  cell  in  second 
deflecting  structure  of  CTF3 

The  measured  result  for  deflector  No.2  is  shown  in  Fig. 
5  ,  where  in  the  polar  co-ordinate  the  deviation  of  the 
phase  shift  per  cell  is  illustrated.  The  VSWR  for  both 
deflectors  was  within  1.1  at  the  working  frequency 
2.9975GHz  in  air  .  The  low  power  measurements 
finished,  the  deflectors  were  vacuum  leak  tested  and  next 
filled  with  dry  nitrogen. 


CONCLUSIONS  AND 
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Abstract 

The  proposed  Rare-Isotope  Accelerator  Facility  (RIA) 
[1]  includes  a  driver  linac  and  a  post-accelerator  based  on 
superconducting  cavity  technology.  The  exceptional 
sections  of  the  RIA  accelerators  are  front  ends  that 
comprise  normal-conducting  continuous  wave 
accelerating  structures  to  obtain  particle  velocities 
acceptable  for  further  acceleration  by  superconducting 
cavities.  The  front  ends  for  both  accelerators  are  based  on 
RFQ  technology.  An  engineering  design  of  a  57.5  MHz 
RFQ  for  the  driver  linac  has  been  developed.  A  cold 
model  of  the  57.5  MHz  RFQ  has  been  fabricated. 

The  post-accelerator  consists  of  a  conventional  RFQ 
operating  at  12  MHz  and  two  sections  of  a  hybrid  RFQ 
(H-RFQ)  operating  at  12  and  24  MHz.  A  1:2  scale  cold 
model  of  the  12  MHz  H-RFQ  has  been  built  and  studied 
to  determine  the  final  specifications  for  the  full  power 
hybrid  RFQ.  This  paper  reports  on  the  present 
development  status  of  these  accelerating  structures. 

INTRODUCTION 

The  primary  scope  of  the  driver  linac  RFQ  is  the 
acceleration  of  low  longitudinal  emittance  dual  charge 
state  uranium  beams  up  to  energies  acceptable  by  the 
superconducting  linac.  In  order  to  simplify  the  front  end 
of  the  multi-beam  driver  linac  and  accommodate  different 
ion  species  from  the  ECR  ion  source  the  RFQ  must  be 
capable  of  operating  at  a  wide  range  of  power  levels.  The 
physics  design  of  the  RFQ  beam  dynamics  and 
accelerating  structure  was  established  earlier  [2].  Several 
types  of  resonant  structures  have  been  analyzed  in  order 
to  satisfy  all  specifications.  As  a  result  an  original  RFQ 
structure  that  combines  the  advantages  of  the  four-vane 
and  split-coaxial  structures  has  been  proposed  in 
collaboration  with  ITEP  team,  Moscow  [2].  The  structure 
provides  high  shunt-impedances,  has  extremely  good 
mode  separation  and  moderate  transverse  dimensions  -50 
cm  at  57.5  MHz  operating  frequency. 

The  concept  of  the  RIA  post  accelerator  suitable  to 
produce  high-quality  beams  of  radioactive  ions  over  the 
full  mass  range,  including  uranium,  at  energies  above  the 
Coulomb  barrier  was  presented  in  ref.  [3].  The  most 
efficient  generation  of  rare  isotope  beams  requires  singly- 
charged  ions  at  initial  injection.  Very-low-charge-state 
ions  can  most  efficiently  be  bunched  and  accelerated  by 
using  three  sections  of  a  cw,  normal-conducting  RFQ  for 
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the  first  -9  MV  of  the  post-accelerator.  The  first  two 
sections  of  the  RFQ  should  operate  at  as  low  a  frequency 
as  is  practicable  to  maximize  the  transverse  focusing 
strength.  At  ANL  the  acceleration  of  i32Xe1+  ions  in  the 
split-coaxial  RFQ  geometry  operating  at  12  MHz  [4]  has 
been  demonstrated.  An  RFQ  for  acceleration  of  heavy 
ions  with  a  minimum  charge  to  mass  ratio  of  1/240  will 
have  similar  design.  The  last  two  sections  of  the  RFQ  will 
be  based  on  a  more  effective  accelerating  structure,  a 
hybrid  RFQ  [5]. 

DRIVER  LINAC  RFQ 

Table  1  presents  basic  parameters  of  the  cw  RFQ 
accelerator  that  is  being  designed  for  the  RIA  driver  linac. 
The  design  addresses  the  requirements  for  efficient 
cooling  throughout  the  structure,  precise  alignment, 
reliable  RF  contacts,  and  fine  tuning  capability.  The  RF, 
thermal  and  structural  analyses  have  been  completed  in 
response  to  these  requirements.  Results  of  these  analyses 
show  that  the  thermal  and  structural  design  of  this  RFQ  is 
very  robust  [6,7]. 


Table  1.  Basic  parameters  of  the  RFQ 


Operating  frequency 

57.5  MHz 

Length 

4  m 

Duty  cycle 

100% 

Transverse  dimensions 

0.51  m 

Peak  surface  field 

140  kV/cm 

Input&output  particle  velocity 

0.00507/0.02  c 

Design  charge-to-mass  ratio 

1-  28.5/238 

Normalized  transverse  emittance 

0.5te  mm-mrad 

Longitudinal  emittance  at  the  exit  of 
RFQ  for  99.9%  of  particles, 

<2n  keV/u-nsec 

A  typical  segment  with  cutaway  sections  to  show  the 
cooling  passages  is  shown  in  Fig.  1.  Several  different 
approaches  to  fabrication  of  the  RIA  RFQ  were  discussed 
during  the  conceptual  design  phase.  Ultimately  we  have 
chosen  a  fully  brazed  assembly  using  step  brazing  to 
fabricate  the  vanes  and  quadrant  details  and  finally  a 
complete  segment  with  end  flanges.  An  octagonal  cross 
section  of  the  RFQ  tank  was  accepted  as  the  most 
appropriate  to  apply  the  step  brazing  technique.  This 
approach  borrows  heavily  from  the  techniques  used 
successfully  on  the  LEDA  RFQ  at  Los  Alamos  [8].  The 
RFQ  is  designed  as  a  100%  OFE  copper  structure  with 
GLIDCOP®  dispersion  strengthened  copper  end  flanges. 
Six  longitudinal  segments  will  be  mechanically  assembled 
to  form  the  complete  4-meter  RFQ  structure. 
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Figure  1.  Segment  details  with  cooling  channels.  The  vane 
assembly  is  shown  separately  on  the  left. 


The  full-scale  aluminum  cold  model  of  the  RFQ 
segment  was  designed  and  constructed.  This  model  is 
necessary  to  verify  final  internal  dimensions  of  the  RFQ 
prior  to  the  fabrication  of  full  copper  structure,  and  testing 
of  machining  and  final  assembly  tolerances.  Precise 
measurements  for  the  gravity  deflection  of  horizontal 
vane  show  acceptable  deviations  of  the  vane’s  profile. 
The  final  assembly  of  the  model  was  completed  and  the 
specified  tolerances  on  the  vane  tip  location  of  less  than 
50  Jim  were  achieved.  A  photograph  of  the  one-segment 
aluminum  cold  model  is  shown  in  Fig.  2. 


Figure  2.  Photograph  of  the  aluminum  model. 


A  full  power  engineering  prototype  of  a  single 
segment  of  the  57.5  MHz  RFQ  is  being  developed  and 
fabricated.  The  main  reasons  to  proceed  with  fabrication 
and  testing  of  the  engineering  model  are:  a)  the  transverse 
dimensions  of  the  RFQ  are  significantly  larger  than  those 
in  4-vane  high-frequency  RFQs  built  using  the  brazing 
technique;  b)  due  to  the  large  cut-out  in  the  vane  it  is 
prudent  to  demonstrate  mechanical  stability  during  high 
temperature  brazing.  Once  the  fabrication  is  complete, 
testing  of  the  RFQ  prototype  over  the  wide  range  of  input 
power  is  necessary.  Successful  testing  of  the  RFQ  over 
the  wide  range  of  RF  power  level  will  simplify  the  design 
and  minimize  the  cost  of  the  RIA  Driver  Front  End 
because  the  same  RFQ  will  be  able  to  accelerate  the  full 
range  of  ions  from  proton  to  uranium. 


Recently,  we  have  performed  tests  of  major  brazed 
junctions  of  the  RFQ  engineering  prototype  that 
demonstrated  machining  and  brazing  of  the  copper  vane 
assembly  within  specified  tolerances.  Fabrication  of  the 
full-power  copper  prototype  of  a  single  segment  of  the 
57.5  MHz  RFQ  will  be  pursued  as  soon  as  funds  become 
available.. 

HYBRID  RFQ  FOR  THE  POST¬ 
ACCELERATOR 

The  Hybrid  Radio  Frequency  Quadrupole  (H-RFQ)  is 
an  accelerating  structure  designed  to  accelerate  low- 
velocity  heavy  ions  with  a  q/A  ratio  =  1/240  [5].  The 
assembly  drawing  of  the  H-RFQ  is  shown  in  Fig.  3.  The 
H-RFQ  structure  consists  of  three  sections  of  drift  tubes 
and  two  RFQ  sections.  In  the  drift  tube  sections  the  beam 
is  accelerated  and  defocused  transversely.  Transverse 
focusing  is  provided  by  the  RFQ  sections.  Each  of  the 
RFQ  sections  consists  of  two  sets  of  non-modulated  vanes 
with  a  length  of  pA  separated  by  a  drift  space  of  pA/2.  The 
appropriate  focusing  strength  is  achieved  by  adjusting  the 
distance  between  the  vanes.  Using  the  combination  of  the 
drift  tube  and  RFQ  structures  a  factor  of  two  higher 
output  beam  energy  is  achieved  when  compared  to  a 
conventional  RFQ  accelerator. 


End  piste  Moveab]e 


Figure  3.  Assembly  drawing  of  the  H-RFQ  cold  model. 

A  half-scale  (24.25  MHz)  aluminum  cold  model  of 
the  Hybrid  RFQ  has  been  designed,  built  and  tested.  The 
goals  were  to  determine  the  final  resonator  dimensions, 
accelerating  and  focusing  field  distribution,  quality  factor 
and  coupling  to  the  external  power  supply. 

First,  a  numerical  simulation  of  the  cold  model’s 
electrodynamic  parameters  was  done  using  the  MWS 
code.  The  numerical  simulation  of  this  complicated 
structure  had  some  difficulties.  The  size  of  the  drift  tube 
gaps  and  the  RFQ  vane  spacing  is  very  small  compared  to 
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the  overall  dimensions  of  the  cavity.  This  difference 
required  a  very  large  number  of  mesh  cells  for  the 
simulation  which  resulted  in  unacceptable  calculation 
time  and  the  solution  was  non-convergent.  To  rectify  this, 
some  simplification  of  the  shape  of  the  structure  had  to  be 
implemented.  With  this  simplification  a  frequency  error 
in  the  simulation  was  expected.  Therefore,  the  designed 
resonator  dimensions  needed  experimental  testing  and  the 
aluminum  cold  model  of  the  H-RFQ  (Fig.  4)  was  built. 


Figure  4.  24.25  MHz  Hybrid  RFQ  aluminum  cold  model. 


The  experimental  investigation  of  the  24.25  MHz  H- 
RFQ  cold  model  was  carried  out  using  both  an  HP 
Network  Analyzer  and  a  standard  bead-pull  technique 
using  a  phase-locked  loop.  The  first  measurements  of  the 
electrodynamics  parameters  of  the  cavity  revealed  three 
important  shortcomings  of  the  cold  model.  These  are:  the 
measured  quality  factor  turned  out  to  be  3.5  times  lower 
than  the  calculated  value,  the  frequency  was 
approximately  2  MHz  high,  and  there  was  a  tilt  in  the 
field  amplitude  distribution  of  the  third  drift  tube  section. 

To  address  th£  low  Q,  a  stiffer  spring  material  from  Bal 
Seal  Engineering  was  used  to  improve  the  RF  contacts. 
In  addition,  we  used  special  conductive  silver  grease 
supplied  by  Tecknit.  After  these  modifications  were  made 
the  measured  quality  factor  was  stable  and  was  about  70% 
of  the  calculated  value.  Table  2  summarizes  these  results. 


Table  2.  H-RFQ  electrodynamics  parameters. 


MWS 

simulation 

Measurement 
before  the 
modification 

Measurement 
after  the 
modification 

Q 

4700 

1350-2300 

3150 

f  (MHz) 

24.65 

26.5 

24.25 

To  improve  the  resonant  frequency  the  dimensions  of 
the  H-RFQ  model  have  been  changed.  Cylindrical  inserts 
to  lengthen  the  vertical  stubs  of  the  cavity  were  designed 
and  installed  to  lower  the  eigen  frequency  (see  Fig.  4). 
After  this  modification  the  resonant  frequency  was  close 
to  the  expected  value  as  is  seen  from  Table  2. 


To  improve  the  final  problem  of  the  field  tilt,  capacitive 
tuners  were  installed  at  appropriate  locations.  These 
tuners  removed  the  field  tilt  in  the  end  of  the  third  drift 
tube  section.  The  final  distribution  of  electric  field  along 
the  structure  is  shown  in  Fig.  5.  The  amplitude  of  the  field 
in  the  accelerating  gaps  is  uniform  within  ±1.5%  that  is 
fully  acceptable  from  the  beam  dynamics  point  of  view 
[5]. 

The  designed  resonant  frequency,  uniform  field 
amplitude  distribution  and  high  quality  factor  in  the 
resonator  were  obtained  after  slight  modifications  of  the 
model  designed  by  the  MWS  code.  Complete 
specifications  for  the  final  design  of  the  12  MHz  hybrid 
RFQ  have  been  established  and  detailed  drawings  of  the 
full-power  12.125  MHz  H-RFQ  are  being  prepared. 


Distance,  mm 

Figure  5.  Field  distribution  along  the  H-RFQ. 
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A  SUPER-CONDUCTING  LINAC  INJECTOR* 
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Abstract 

It  has  been  proposed  to  upgrade  the  Alternating 
Gradient  Synchrotron  (AGS)  accelerator  complex  at  the 
Brookhaven  National  Laboratory  (BNL)  to  provide  an 
average  proton  beam  power  of  1  MW  at  the  energy  of  28 
GeV.  The  facility  is  to  be  primarily  used  as  a  proton 
driver  for  the  production  of  intense  neutrino  beams  [1]. 
This  paper  reports  on  the  feasibility  study  of  a  proton 
Super-Conducting  Linac  (SCL)  as  a  new  injector  to  the 
AGS.  The  Linac  beam  energy  is  1.2  GeV.  The  beam 
intensity  is  adjusted  to  provide  the  required  average  beam 
power  of  1  MW  at  28  GeV.  The  repetition  rate  of  the 
SCL-AGS  facility  is  2.5  beam  pulses  per  second. 

INTRODUCTION 

The  AGS  upgrade  requires  operation  of  the  accelerator 
at  the  rate  of  2.5  cycles  per  second,  and  a  new  injector 
capable  to  follow  the  operation  at  2.5  Hz.  The  present 
injector  made  of  the  200-MeV  room-temperature  Linac 
and  of  the  1.5-GeV  AGS-Booster  will  not  be  able  to 
achieve  the  goals  of  the  upgrade. 

The  proposed  new  injector  is  a  1.2  GeV  Super- 
Conducting  Linac  (SCL)  with  an  average  output  beam 
power  of  45  kW.  The  choice  of  the  energy  value  is 
determined  in  part  by  the  capability  to  limit  beam  losses 
due  to  stripping  of  the  negative  ions  that  are  used  for 
multi-turn  injection  into  the  synchrotron,  and  in  part  to  fit 
the  entire  SCL  on  a  straight  line  between  the  exit  of  the 
200-MeV  room-temperature  Linac  and  the  injection  point 
selected  into  the  AGS. 

The  SCL  is  composed  of  three  parts:  (i)  a  Front-End, 
that  is  the  present  100-mA  negative-ion  source,  followed 
by  the  0.75-MeV  RFQ,  (ii)  the  room- temperature  Linac 
that  accelerates  protons  to  200  MeV,  and  (iii)  the  SCL 
proper.  This  in  turn  is  made  of  three  sections,  each  with 
its  own  energy  range,  excitation  RF  frequency,  and 
different  cavity-cryostat  arrangement.  The  three  sections 
are  labeled:  Low-Energy  (LE),  Medium-Energy  (ME), 
and  High-Energy  (HE).  The  beam  leaves  the  present 
room-temperature  Linac  at  the  energy  of  200  MeV,  and, 
after  a  bend  of  17.5°,  enters  a  straight  tunnel,  where  the 
SCL  proper  is  located,  about  120  meter  long,  to  join  the 
AGS  tunnel.  A  schematic  view  of  the  new  injector  is 
given  in  Figure  1.  The  main  injector  and  AGS  parameters 
are  given  in  Table  1. 


*  Work  performed  under  Contract  Number  DE-AC02- 
98CH 10886  with  the  auspices  of  the  US  Department  of 
Energy. 


THE  NEW  INJECTOR 

The  project  described  corresponds  to  an  average  SCL 
beam  current  of  37.6  /<A,  that  yields  the  required  average 
beam  power  of  1  MW  at  the  top  energy  of  28  GeV, 
including  also  a  controlled  beam  loss  of  about  5%  during 
multi-turn  injection  into  the  AGS.  The  average  beam 
power  in  exit  is  45  kW,  considerably  less  than  the  1-MW 
level  of  the  equivalent  1.0-GeV  SCL  for  the  Spallation 
Neutron  Source  (SNS)  [2],  Thus  the  concern  about 
component  activation  by  the  induced  radiation  from 
uncontrolled  beam  losses  is  greatly  reduced.  The 
repetition  rate  of  2.5  beam  pulses  per  second  gives  a  beam 
intensity  of  0.94  x  1014  protons  accelerated  per  AGS 
cycle;  that  is  about  30%  higher  than  the  intensity  routinely 
obtained  with  the  present  injector.  At  the  end  of  injection, 
that  takes  about  240  turns,  the  space-charge  tune 
depression  is  Av  =  0.2,  assuming  a  bunching  factor  (the 
ratio  of  beam  peak  current  to  average  current),  during  the 
early  part  of  the  acceleration  cycle,  of  4.  Also,  with  the 
normalized  beam  emittance  of  100  Jt  mm-mrad,  the  actual 
beam  emittance  at  1.2  GeV  is  e  =  50  n  mm-mrad.  The 
SCL  beam  pulse  length  is  0.72  ms,  and  the  beam  duty 
cycle  0.18%. 


Front-End  LE  ME  HE 


200  MeV  400  MeV  800  MeV  1.2  GeV 


Figure  1.  Schematic  of  the  new  AGS  Injector. 

The  front-end  of  the  Linac  is  made  of  the  present  ion 
source  with  minor  power  supply  modifications  to  operate 
with  a  longer  pulse  width.  The  ion  source  is  located  on  a 
platform  at  35  kV,  and  is  followed  by  the  0.75-MeV  RFQ 
that  works  at  201.25  MHz.  The  beam  is  to  be  periodically 
chopped  by  a  chopper  located  downstream  the  RFQ.  The 
beam  chopping  extends  over  75%  of  the  beam  extension, 
at  a  frequency  matching  the  AGS  accelerating  rf  (8.0 
MHz,  harmonic  number  =  24)  at  injection  into  the  AGS. 
Moreover,  the  transmission  efficiency  through  the  RFQ 
and  the  DTL  is  low,  so  that  at  present  a  beam  current  of 
35  mA  can  be  achieved  at  200  MeV.  Thus  we  assume  that 
the  average  current  of  the  beam  pulse  in  the  SCL,  where 
we  assume  no  further  beam  loss,  is  conservatively  21  mA. 

The  combination  of  the  RFQ  and  of  the  subsequent 
bunchers  bunches  the  beam  with  a  sufficiently  small 
longitudinal  extension  so  that  each  of  the  beam  bunches  at 
201.25  MHz  can  be  reasonably  fitted  in  the  accelerating  rf 
buckets  of  the  following  room-temperature  Linac  that 
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operates  also  at  201.25  MHz.  The  required  modifications 
and  cost  of  the  Front-End  and  the  200-MeV  room- 
temperature  Linac  are  described  elsewhere  [3].  The  design 
of  the  transfer  of  the  beam  from  the  exit  of  the  SCL  to  the 
injection  location  into  the  AGS  is  given  in  [4],  whereas 
the  process  of  injection  proper  into  the  AGS  is  described 
in  [5], 


Table  1.  Injector  and  AGS  Parameters  for  1-MW  Upgrade 


Increm.  Linac  Ave.  Power,  kW 

37.5 

Kinetic  Energy,  GeV 

1.2 

p 

0.8986 

Momentum,  GeV/c 

1.92 

Magnetic  Rigidity,  T-m 

6.41 

Repetition  Rate,  Hz 

2.5 

Linac  Average  Current,  pi  A 

37.6 

Linac  No.  of  Protons  /  pulse 

9.38  x  1013 

AGS  Circumference,  m 

807.076 

Revol.  Frequency,  MHz 

0.3338 

Revolution  Period,  pis 

2.996 

Bending  Radius,  m 

85.378 

In  jection  Field,  kG 

0.7507 

Chopping  Ratio,  % 

75 

Peak  Current,  mA 

28 

Average  Current,  mA 

21 

Injection  Loss,  % 

5.0 

Injected  Protons  per  Turn 

3.74x10" 

Number  of  injected  Turns 

239 

Linac  Pulse  Length,  ms 

0.716 

Linac  Duty  Cycle,  % 

0.179 

Bunching  Factor 

4 

Norm.  Emitt.,  k  mm-mrad 

100 

Emittance,  n  mm-mrad 

48.8 

Space-Charge  Av 

0.187 

THE  SUPER-CONDUCTING  LINAC  (SCL) 

The  SCL  accelerates  the  proton  beam  from  200  MeV  to 
1.2  GeV.  The  configuration  and  the  design  procedure  of 
the  SCL  is  described  in  detail  in  [6],  It  is  typically  a 
sequence  of  a  number  of  identical  periods  as  shown  in 
Figure  2.  Each  period  is  made  of  a  cryo-module  of  length 
Lc iyo  and  of  an  insertion  of  length  Lins.  The  insertion  is 
needed  for  the  placement  of  focusing  quadrupoles, 
vacuum  pumps  and  valves,  steering  magnets,  beam 
diagnostic  devices,  bellows,  and  flanges.  It  can  be  either 
at  room  temperature  or  in  a  cryostat  as  well.  Here  we 
assume  that  the  insertions  are  at  room  temperature.  The 
cryo-module  includes  M  identical  cavities,  each  of  N 
identical  cells,  and  each  having  a  length  NLcell,  where  LcelI 
is  the  length  of  a  cell.  To  avoid  coupling  by  the  leakage  of 
the  field,  cavities  are  separated  from  each  other  by  a 
sufficiently  long  drift  space  d.  An  extra  drift  of  length  Lw 
may  be  added  internally  on  both  sides  of  the  cryo-module 
to  provide  a  transition  between  cold  and  warm  regions. 
Thus,  the  length  of  a  cryo-module  is 


Xcryo  AfN  Lce\\  +  (A/  —  1)  d  +2  Lw 

The  choice  of  cryo-modules  with  identical  geometry, 
and  with  the  same  cavity/cell  configuration,  is  economical 
and  convenient  for  construction.  But  there  is,  nonetheless, 
a  penalty  due  to  the  reduced  transit-time-factors  when  a 
particle  crosses  cavity  cells,  with  length  adjusted  to  a 
common  central  value  p0  that  does  not  correspond  to  the 
particle  instantaneous  velocity.  To  minimize  this  effect, 
the  SCL  is  divided  in  three  sections,  each  designed  around 
a  different  central  value  p0,  and,  therefore,  with  different 
cavity/cell  configuration.  The  cell  length  in  a  section  is 
fixed  to  be 

I'cell  =  Wo  /  2 

where  X  is  the  RF  wavelength.  We  adopted  an  operating 
frequency  of  805  MHz  for  the  LE-section  of  the  SCL,  and 
1,610  MHz  for  the  subsequent  two  sections,  ME  and  HE. 
The  choice  of  the  large  RF  frequency  in  the  last  two 
sections  has  been  dictated  by  the  need  to  achieve  as  a 
large  accelerating  gradient  as  possible  so  the  SCL  would 
fit  entirely  within  the  available  space.  The  major 
parameters  of  the  three  sections  of  the  SCL  are  given  in 
Tables  2  and  3.  The  total  expected  cost  is  around  100  M$ 
for  the  SCL  alone,  excluding  modifications  of  the  Front- 
End,  the  room-temperature  200-MeV  Linac,  and  of  the 
transport  and  injection  into  the  AGS. 


Insertion  Cryo-Module  Insertion 


Figure  2.  Configuration  of  a  Proton  Super-Conducting 
Linear  Accelerator 

The  length  of  the  SCL  depends  on  the  average 
accelerating  gradient.  The  local  gradient  has  a  maximum 
value  that  is  limited  by  three  causes:  (1)  For  a  realistic  cell 
shape,  we  set  a  limit  on  the  average  axial  electric  field  to 
15  MV/m  at  805  MHz,  and  30  MV/m  at  1,610  MHz.  (2) 
There  is  a  limit  on  the  peak  power  provided  by  rf  couplers 
that  we  take  here  not  to  exceed  400  kW,  including  a 
contingency  of  50%  to  avoid  saturation  effects.  (3)  To 
make  the  longitudinal  motion  stable,  we  can  only  apply  an 
energy  gain  per  cryo-module  that  is  a  relatively  small 
fraction  of  the  beam  energy  in  exit.  The  conditions  for 
stability  of  motion  have  been  derived  in  [6]. 

The  number  of  cells  and  cavities  may  vary  in  principle 
from  section  to  section,  but  we  have  found  it  convenient 
here  to  adopt  the  same  distribution  in  all  sections.  There  is 
one  klystron  feeding  a  single  coupler  to  a  single  cavity. 
The  total  length  of  the  SCL  injector  proper  from  end  to 
end  is  about  130  meter,  including  a  4.5-m  long  matching 
section  between  LE  and  ME  sections.  When  averaged 
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over  the  real  estate,  the  actual  acceleration  rate  is  about  5 
MeV/m  in  the  LE  section  and  10  MeV/m  in  the  ME  and 
HE  sections.  Efficiencies,  defined  as  the  ratio  of  beam 
power  to  required  total  AC  power,  is  relatively  high  for  a 
pulsed  Linac,  ranging  between  9  and  15%. 


Table  2.  General  Parameters  of  the  SCL 


Linac  Section 

LE 

ME 

HE 

Ave.  increm.  Power,  kW 

7.52 

15.0 

15.0 

Average  Beam  Current,  //A 

37.6 

37.6 

37.6 

Initial  Kinetic  Energy,  MeV 

200 

400 

800 

Final  Kinetic  Energy,  MeV 

400 

800 

1200 

Frequency,  MHz 

805 

1610 

1610 

■  II  I"  1 1  ■  II  l— ■ 

8.70 

8.70 

8.70 

Temperature,  °K 

2.1 

2.1 

2.1 

Cells  /  Cavity 

8 

8 

8 

Cavities  /  Cryo-Module 

4 

4 

4 

Cavity  Separation,  cm 

32.0 

16.0 

16.0 

Cold-Warm  Transition,  cm 

30 

30 

30 

Cavity  Internal  Diameter,  cm 

10 

5 

5 

Length  of  Warm  Insertion,  m 

1.079 

1.379 

1.379 

Accelerat.  Gradient,  MeV/m 

10.5 

22.9 

22.8 

Ave.  Gradient ,  MeVim 

5.29 

9.44 

10.01 

Cavities  /  Klystron 

1 

1 

1 

No.  of  rf  Couplers  /  Cavity 

1 

1 

1 

Rf  Phase  Angle 

30° 

30° 

30° 

Transverse  Focussing 

FODO 

Doubl. 

Doubl. 

Phase  Advance  /  FODO  cell 

90° 

90° 

90° 

Norm,  rms  Emitt.,  n  mm-mrad 

■o 

HI 

2.0 

Rms  Bunch  Area,  k  °MeV 

0.5 

0.5 

0.5 

A  Super-Conducting  Linac  is  most  advantageous  for  a 
continuous  mode  of  operation  (CW).  There  are  two 
problems  in  the  case  of  the  pulsed-mode  of  operation. 
First,  the  pulsed  thermal  cycle  introduces  Lorentz  forces 
that  deform  the  cavity  cells  out  of  resonance.  This  can  be 
controlled  with  a  thick  cavity  wall  strengthened  to  the 
outside  by  supports.  The  actual  design  of  a  cavity  cell  is 
described  in  detail  in  [7],  Second,  there  is  an  appreciable 
period  of  time  to  fill  the  cavities  with  RF  power  before  the 
maximum  gradient  is  reached  [6].  During  the  filling  time, 
extra  power  is  dissipated  also  before  the  beam  is  injected 
into  the  Linac.  The  extra  amount  of  power  required  is  the 
ratio  of  the  filling  time  to  the  beam  pulse  length.  The 
filling  times  are  also  shown  in  Table  3. 

TRANSVERSE  FOCUSING 

The  upgrade  makes  use  of  the  present  200-MeV  room- 
temperature  Linac,  with  proper  power  supply 
modifications  for  larger  pulse  width.  This  Linac  provides 
a  negative  ion  beam  with  an  emittance  of  2.0  n  mm-mrad. 
To  avoid  uncontrolled  beam  losses  that  may  cause 
radiation  activation,  one  requires -that  the  ratio  of  inner 
cavity  radius  to  rms  beam  size  is  at  least  a  factor  of  6  all 
over  the  length  of  the  SCL.  This  is  difficult  to  achieve  in 
the  ME  and  HE  section  where  the  inner  aperture  is  of  only 


5  cm  because  of  the  larger  RF  frequency.  We  have  thus 
adopted  in  these  two  sections  transverse  focusing  with 
doublets  of  quadrupoles,  whereas  a  FODO  singlet 
sequence  was  found  adequate  in  the  LE  section. 


Table  3.  Summary  of  the  SCL  Design 


Linac  Section 

LE 

ME 

HE 

Velocity,  In 

WSSSk 

0.7131 

0.8418 

Out 

BSS9 

0.8418 

0.8986 

■Firm 

0.755 

0.851 

Cell  Length,  cm 

11.45 

7.03 

7.92 

Total  No.  of  Periods 

6 

9 

8 

Length  of  a  period,  m 

6.304 

4.708 

4.994 

FODO-Cell  ampl.  func.,  p0,  m 

21.52 

8.855 

8.518 

Total  Length,  m 

37.82 

42.38 

39.96 

Coupler  rf  Power,  kW  (*) 

263 

351 

395 

Energy  Gain/Period,  MeV 

33.33 

44.57 

50.10 

Total  No.  of  Klystrons 

24 

36 

32 

Klystron  Power,  kW  (*) 

263 

351 

395 

j^3S33553HMIHHHH 

378.2 

570.0 

724.2 

Qo  x  1010 

0.97 

0.57 

0.64 

Transit  Time  Factor,  T0 

0.785 

0.785 

0.785 

Ave.  Axial  Field,  Ea,  MV/m 

13.4 

29.1 

29.0 

Filling  Time,  ms 

0.337 

0.273 

0.239 

Ave.  Dissipated  Power,  W 

2 

11 

8 

Ave.  HOM-Power,  W 

0.2 

0.5 

0.4 

Ave.  Cryogenic  Power,  W 

65 

42 

38 

Ave.  Beam  Power,  kW 

7.52 

15 

15 

Total  Ave.  rf  Power,  kW  (*) 

17 

31 

30 

Ave.  AC  Power  for  rf,  kW  (*) 

37 

69 

67 

Ave.  AC  Power  for  Cryo.,  kW 

46 

30 

27 

Total  Ave.  AC  Power,  kW  (*) 

83 

99 

94 

Efficiency,  %  (*) 

9.05 

15.21 

16.08 

(*)  Including  50%  rf  power  contingency. 


CONCLUSION 

The  proposed  SCL  for  the  1  -MW  AGS  upgrade  is  not 
much  different  in  size  and  scope  from  the  equivalent 
accelerator  of  the  SNS  project.  Though  the  average  values 
of  beam  and  RF  power  are  considerably  lower,  because  of 
the  smaller  duty  cycle,  nonetheless  peak  values  are 
comparable  to  the  SNS  SCL,  since  we  use  similar  pulse 
width  and  current. 
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STUDY  OF  A  10-MW  CONTINUOUS  SPALLATION  NEUTRON  SOURCE* 


A  G.  Ruggiero,  H.  Ludewig,  S.  Shapiro,  BNL,  Upton,  NY  1 1973,  USA 


Abstract 

This  paper  reports  on  the  feasibility  study  of  a  proton 
Super-Conducting  Linac  as  the  driver  for  an  Accelerator- 
based  Continuous  Neutron  Source  (ACNS)  [1]  to  be 
located  at  Brookhaven  National  Laboratory  (BNL).  The 
Linac  is  to  be  operated  in  the  Continuous  Wave  (CW) 
mode  to  produce  an  average  10  MW  of  beam  power.  The 
Linac  beam  energy  is  taken  to  be  1 .25  GeV.  The  required 
average  proton  beam  intensity  in  exit  is  then  8  mA. 

INTRODUCTION 

It  is  commonly  agreed  that  a  Super-Conducting  Linac 
(SCL)  is  the  most  effective  choice  for  a  continuous  high- 
power  proton  beam  in  the  GeV  range.  Other  devices,  like 
Cyclotrons  or  Fixed-Field  Alternating-Gradient 
accelerators,  should  also  be  considered,  but  they  are  less 
efficient  and  are  more  prone  to  uncontrolled  beam  losses. 

A  SCL  is  also  most  suitable  for  a  continuous  mode  of 
operation  (CW),  where  average  and  peak  performance  are 
equal,  as  opposed  to  a  pulsed  mode  where  the  peak 
performance  determines  the  design  and  requirements.  The 
design  of  SCL  is  simplified  with  the  CW  mode  of 
operation,  since  it  avoids  large  excursion  between  average 
and  peak  values,  and  related  fatigue  effects.  In  the  CW 
mode  the  concern  with  cavity  Filling  Time  and  Lorentz 
Forces  are  removed. 

Though  the  feasibility  of  SCL  is  within  present 
mechanical,  cryogenic,  and  RF  technology,  it  has 
nonetheless  not  been  proven  entirely  yet.  One  SCL  is 
presently  being  build  for  the  Spallation  Neutron  Source 
(SNS)  [2]  project;  and  another  has  been  proposed  and 
conceptually  designed  for  the  AGS  Upgrade  at 
Brookhaven  [3].  The  Accelerator-based  Continuous 
Neutron  Source  (ACNS)  can  also  make  use  of  a  similar 
SCL.  Despite  the  larger  average  beam  power  required,  it 
compares  favorably  with  the  other  two  projects,  as  it  can 
be  seen  from  the  comparison  in  Table  1. 

The  proposed  SCL  driver  for  the  ACNS  accelerates 
protons  to  1.25  GeV,  operates  in  the  CW  mode,  and 
generates  an  average  beam  power  of  10  MWatt.  The 
average  beam  current  is  8  mA,  and  the  total  length  of  the 
superconducting  section  about  160  m.  The  Linac  is  made 
of  three  parts:  a  Front-End,  that  is  a  1 0  mA  ion  source 
followed  by  a  2-MeV  RFQ,  a  room  temperature  200-MeV 
Drift-Tube  Linac  (DTL),  and  the  Super-Conducting  Linac 
(SCL)  proper.  This  in  turn  is  made  of  three  sections:  the 
low-energy  (LE)  section  that  accelerates  protons  to  400 
MeV,  the  medium-energy  (ME)  section  for  further 
acceleration  to  800  MeV,  and  the  high-energy  (HE) 
section  that  accelerates  to  the  final  energy  of  1.25  GeV. 

*  Work  performed  under  the  Contract  Number  DE-AC02- 

98CH10886  with  the  auspices  of  the  U.S.  Department  of 

Energy. 


The  selected  operating  frequency  of  the  room 
temperature  components,  RFQ  and  DTL,  is  350  MHz;  the 
LE  section  of  the  SCL  captures  and  accelerates  the  beam 
at  700  MHz,  whereas  the  last  two  sections  can  either 
operate  also  at  700  MHz  or  at  1,400  MHz.  In  the  first  case 
we  rely  on  available  industrial  RF  power  sources,  in  the 
latter  case  the  RF  power  sources,  at  twice  the  frequency, 
need  to  be  demonstrated  and  developed,  but  could  allow  a 
shorter  length  of  the  accelerator  and  be  more  economical. 
In  any  case,  the  study  has  shown  that  the  accelerator  is 
feasible,  can  be  built  in  a  relatively  short  period  of  few 
years,  and  has  an  estimated  total  cost  for  the 
superconducting  sections  of  about  100  M$. 

REQUIREMENTS  OF  THE  PROTON 
DRIVER 

The  accelerator  driver  of  the  ACSN  facility  is 
schematically  shown  in  Figure  1.  The  proton  beam  aims 
directly  to  the  core,  and  can  be  placed  either  underneath 
or  above  the  target,  with  Figure  1  showing  the  former 
case.  The  actual  location  of  the  accelerator  with  respect  to 
the  target  and  the  interface  with  final  transport,  bend  and 
the  target  itself  remain  to  be  investigated. 

Acceleration  of  positive-ions  (protons)  is  assumed, 
since  there  is  no  requirement  for  the  injection  in  a 
subsequent  circular  storage  device  as  in  the  SNS  project. 
For  the  same  reason,  the  beam  in  exit  of  the  RFQ  does  not 
need  to  be  pre-chopped. 


200  MeV  400  MeV  800  MeV 
Front-End  |  LE  \  ME  \ 


DTL  SCL  Transport 

350  MHz  700  MHz  0.7  or  1.4  GHz 


1.25  GeV  Target 

HE  \  J 


Figure  1.  Layout  of  the  1.25-GeV,  10-MW  SCL 

The  Front-End  is  made  of  an  Ion  Source  placed  on  a 
platform  at  35-50  kVolt.  It  has  a  continuous  beam  output 
of  10  mA.  It  is  followed  by  a  350-MHZ  RFQ  which 
focus,  bunch  and  accelerate  the  beam  to  about  2  MeV.  At 
the  exit,  the  beam  bunches  are  compressed  sufficiently  to 
be  squeezed  within  the  rf  buckets  of  the  Drift-Tube  Linac 
(DTL)  which  operates  also  at  350  MHz.  Because  of  the 
relatively  low  beam  current,  and  the  absence  of  stringent 
requirements  on  the  beam  emittance  and  momentum 
spread,  space-charge  effects  are  not  expected  to  play  a 
relevant  role.  As  a  consequence,  no  major  beam  losses  are 
expected  in  the  RFQ.  A  transmission  of  80%  is 
conservatively  assumed,  and  the  beam  intensity  at  the  exit 
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of  the  RFQ  is  8  mA.  We  assume  that  there  are  no  further 
losses  during  the  transfer  of  the  beam  through  the  rest  of 
the  accelerator,  all  the  way  down  to  the  Target.  At  the  exit 
of  the  SCL,  and  on  the  Target,  the  beam  intensity  is  then  8 
mA. 


Table  1.  Comparison  of  three  SCL  Pro  jects 


SNS 

AGS 

ACNS 

Kinetic  Energy,  GeV 

1.0 

1.2 

1.25 

Ave.  Power,  MW 

1.0 

0.045 

10 

Duty  Factor,  % 

6.0 

0.18 

100 

Repetition  Rate,  Hz 

60 

2.5 

— 

Pulse  Length,  ms 

1.0 

0.72 

— 

Peak  Power,  MW 

16.7 

25 

10 

Ion  Source  Current,  mA 

35 

35 

10 

Ave.  Beam  Current,  mA 

1.0 

0.035 

8 

Peak  Beam  Current,  mA 

26 

21 

8 

Protons  /  Bunch,  x  108 

4.3 

8.7 

1.43 

RF,  GHz 

0.805 

0.805-1,61 

0.7 -1,4 

Coupler  RF  Power,  MW 

170-350 

260  -  400 

80  - 155 

Length,  m 

158 

120 

163 

Inj.  Energy,  MeV 

185.6 

200 

200 

Cryo.  Power  (2.1°K),kW 

0.5 

0.15 

5.3 

Ave.  AC  Power,  MW 

3.1 

0.28 

23 

Ave.  Gradient,  MV/m 

3.1 -6.5 

5.3-10.0 

3.3  -  8.7 

Efficiency,  % 

26-30 

9-16 

35-40 

Capital  Cost,  M$ 

110 

97 

85 

msj £ia  w  JM 

2.0 

0.18 

15.2 

Blue  -  Positive  Features 
Red  -  Negative  Features 


LINAC  DESIGN 

In  a  proton  linac  there  is  a  large  variation  of  beam 
velocity,  in  our  case  from  (5  =  0.08  at  2  MeV  to  p  =  0.90 
at  1.25  GeV.  The  first  accelerating  section  cannot  be 
made  of  half-wavelength  super-conducting  RF  cavities, 
though  quarter-wavelength  super-conducting  linear 
accelerators  do  exist  and  are  successfully  operational.  We 
prefer  to  assume  here  a  room-temperature  conventional 
Drift-Tube  Linac  (DTL)  operating  in  a  continuous  mode. 
We  shall  also  assume  an  energy  of  200  MeV  for  this 
section  to  ease  the  design  and  manufacturing  of  the  RF 
cavities  in  the  early  part  of  the  SCL  proper.  Also,  the 
RFQ,  if  desired,  can  be  made  super-conducting  to  ease  the 
concern  with  the  thermal  load.  Other  solutions  are  of 
course  possible,  and  they  should  be  examined  with  a  more 
careful  and  detailed  design. 

Thus,  the  SCL  proper  starts  at  200  MeV  and  ends  at 
1.25  GeV.  The  corresponding  variation  of  velocity  is  from 
P  =  0.5662  to  p  =  0.9034.  Since  the  length  of  the  rf  cavity 
cells  is  L  =  p\/2,  it  should  in  principle  vary  between  12.2 
and  19.4  cm,  with  X  =  42.83  cm,  the  RF  wavelength  at 
700  MHz,  the  chosen  operating  RF  frequency  of  the  SCL. 
To  optimize  the  accelerating  gradient  it  would  be 
desirable  to  manufacture  cavities  with  cells  varying  in 
length  as  the  beam  accelerates.  This  may  not  be 
economical,  and  we  prefer  to  manufacture  RF  cavities  all 
with  the  same  cell  length.  This  simplifies  the  design,  and 
reduces  the  cost,  at  the  expense  of  a  modest  reduction  of 


the  transit  time  factor.  Here  we  assume  that  the  SCL  is 
divided  in  three  sections  each  operating  at  three 
intermediate  values  of  velocity.  The  super-conducting  LE 
section,  from  200  to  400  MeV,  has  the  cavity  cell  length 
adjusted  to  the  intermediate  value  p  =  0.616,  the  ME 
section,  from  400  to  800  MeV,  to  p  =  0.755,  and  the  HE 
section,  from  800  MeV  to  1.25  GeV,  is  designed  with  the 
intermediate  value  p  =  0.852. 

The  layout  of  the  Super-Conducting  Linac  is  described 
in  [4].  For  more  details  see  also  the  contribution  to  this 
Conference  [3],  where  a  SCL  in  pulsed  mode  is  described. 
It  is  made  of  a  sequence  of  identical  periods  each 
consisting  of  a  Warm-Insertion  for  the  location  of 
focussing  quadruples,  steering  magnets,  vacuum  pumps, 
and  instrumentation,  and  of  a  Cryo-Module  including  a 
number  of  cavities  all  with  the  same  number  of  individual 
cells.  Each  cavity  is  powered  by  a  single  RF  coupler 
connected  directly  to  one  Klystron,  the  RF  power  source. 

The  parameters  of  the  SCL  are  given  in  Tables  2  to  4. 
Table  3  shows  the  RF  for  the  ME  and  HE  sections  to  be 
1.4  GHz,  this  gives  a  compact  super-conducting  structure 
with  a  total  length  of  160  m  that  may  cost  about  100  M$ 
to  be  build.  When  the  RF  of  700  MHz  is  chosen  also  for 
the  last  two  sections,  we  found  that  the  length  and  the 
expected  cost  have  increased  by  about  20%. 


Table  2.  SCL  Parameters  for  10-MW  ACNS 


Increm.  Linac  Ave.  Power 

8.4  MW 

Type  of  Particles 

Protons  (H+) 

Kinetic  Energy  in  entrance 

200  MeV 

Kinetic  Energy  in  exit 

1.25  GeV 

p 

0.9034 

Momentum,  GeV/c 

1.9769 

Magnetic  Rigidity,  T-m 

6.594 

Repetition  Rate 

CW 

Linac  Duty  Cycle,  % 

100 

Ion  Source  Current 

10  mA 

RFQ  Transmission,  % 

80 

Chopping  Ratio,  % 

100 

Linac  Average  Current,  mA 

8.0 

CONCLUSION 

When  compared  to  a  pulsed  mode  of  operation,  a  CW 
SCL  requires  considerably  much  more  cryogenic  power 
and,  despite  a  higher  efficiency,  more  electrical  AC 
power.  In  our  case  the  AC  power  requirement  needed  just 
for  the  operation  of  the  SCL  exceeds  20  MW  that  cannot 
be  easily  acquired  on  the  BNL  site.  An  energy  recovery  is 
thus  desirable,  as  it  can  be  obtained  for  example  from  the 
spallation  target  itself  when  this  is  operated  in  a  hybrid 
configuration  [5].  But  on  the  other  end,  the  performance 
of  the  accelerator  in  CW  mode  is  expected  to  be  more 
stable  than  that  in  pulsed  mode  when  the  peak 
performance  values  are  even  larger  and  pose  a  significant 
operational  concern.  Moreover,  a  non  small  feature  is  the 
lower  intensity  per  bunch,  as  seen  in  Table  1,  that 
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removes  some  of  the  concern  with  beam  halo  formation 
and  consequent  latent,  uncontrolled  beam  loss. 

It  should  be  reminded  that  the  first  proposal  for  a  high- 
power  proton  SCL  in  the  GeV  energy  range  was  the 
Accelerator-based  Production  of  Tritium  (APT)  [6].  This 
also  was  to  be  operated  in  the  CW  mode,  and  the  beam 
power  required  had  an  ambitious  figure  of  hundreds  of 
MW.  Yet  the  design  of  the  project  was  found  to  be 
entirely  feasible,  and  removed  several  concerns  for  the 
application  of  superconductivity  to  a  proton  linear 
accelerator.  We  have  all  learned  considerably  from  this 
earlier  project  of  which  the  same  design  criteria  still 
apply. 


Table  3.  General  Parameters  of  the  SCL 


Linac  Section 

LE 

ME 

HE 

Ave.  increm.  Power,  MW 

1.60 

3.20 

3.60 

Average  Beam  Current,  mA 

8.0 

8.0 

8.0 

Initial  Kinetic  Energy,  MeV 

200 

400 

800 

400 

800 

1250 

Frequency,  MHz 

700 

1400 

1400 

Protons  /  Bunch  x  108 

1.43 

1.43 

1.43 

Temperature,  °K 

2.1 

2.1 

2.1 

Cells  /  Cavity 

8 

8 

h  8 

Cavities  /  Cryo-Module 

4 

4 

4 

Cavity  Separation,  cm 

60.0 

30.0 

30.0 

Cold-Warm  Transition,  cm 

70 

30 

30 

Cavity  Internal  Diameter,  cm 

12 

6 

6 

Length  of  Warm  Insertion,  m 

1.30 

1.30 

1.30 

Acceler.  Gradient,  MeV/m 

8.21 

22.3 

22.7 

Average  Gradient,  MeV/m 

3.28 

8.08 

8.63 

Cavities  /  Klystron 

1 

1 

1 

1 

1 

1 

Rf  Phase  Angle 

30° 

o 

o 

30° 

Transverse  Focussing 

FODO 

FODO 

FODO 

Phase  Advance  /  FODO  cell 

90° 

90° 

90° 

Norm,  rms  Emitt.,  n  mm-mrad 

0.3 

0.3 

03 

Rms  Bunch  Area,  ji  °MeV 

0.5 

0.5 

0.5 
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Table  4.  Summary  of  the  SCL  Design 


Linac  Section 

LE 

ME 

HE 

Velocity,  In 

0.5662 

0.7131 

0.8418 

Out 

0.7131 

0.8418 

0.9034 

0.616 

0.755 

0.852 

Cell  Length,  cm 

13.19 

8.08 

9.12 

Total  No.  of  Periods 

7 

8 

8 

Length  of  a  period,  m 

8.721 

6.187 

6.519 

FODO-Cell  ampl.  func.,  |30,  m 

29.78 

21.12 

22.26 

Total  Length,  m 

61.05 

49.49 

52.15 

Coupler  rf  Power,  kW  (*) 

81 

135 

155 

Energy  Gain/Period,  MeV 

30.00 

50.00 

57.50 

Total  No.  of  Klystrons 

28 

32 

32 

Klystron  Power,  kW  (*) 

81 

135 

155 

ZoT02,  ohm/m 

379.5 

570.0 

725.9 

Qn  X  1010 

1.07 

0.68 

0.77 

0.785 

0.785 

0.785 

Ave.  Axial  Field,  Ea,  MV/m 

10.4 

28.4 

29.0 

Filling  Time,  ms 

0.778 

0.802 

0.714 

Ave.  Dissipated  Power,  kW 

0.385 

2.369 

2.149 

Ave.  HOM-Power,  W 

17.2 

39.3 

39.3 

Ave.  Cryogenic  Power,  kW 

0.506 

2.486 

2.272 

Ave.  Beam  Power,  MW 

1.60 

3.20 

3.60 

Total  Ave.  rf  Power,  MW  (*) 

2.16 

4.32 

4.86 

Ave.  AC  Power  for  rf,  MW  (*) 

3.69 

7.39 

8.31 

Ave.  AC  Power  for  Cryo.,  MW 

0.359 

1.763 

1.612 

Total  Ave.  AC  Power,  MW  (*) 

4.052 

9.152 

9.923 

Efficiency,  %  (*) 

39.49 

34.96 

36.28 

(*)  Including  35%  rf  power  contingency. 
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RESULTS  OF  THE  IPHI  DRIFT  TUBE  LINAC’S  HOT  MODEL  CW  TESTS 

P.-E.  Bemaudin*,  G.  Congretel,  DSM/DAPNIA/SACM,  CEA  Saclay,  France 
A.  Fontenille,  E.  Froidefond,  M.  Fruneau,  D.  Marchand,  M.  Planet,  J.-C.  Ravel,  IN2P3/LPSC, 

CNRS,  Grenoble,  France 
R  Balleyguier,  DIF/DPTA,  CEA  DIF,  France 

Abstract  been  designed  and  built. 


In  the  course  of  the  IPHI  project  (high  intensity,  cw 
proton  injector),  a  Drift  Tube  Linac  hot  model  has  been 
built  and  tested.  The  main  difficulty  associated  with  these 
machines  is  the  high  RF  thermal  losses  inducing 
significant  heating  and  deformations  if  not  kept  under 
strict  control.  Therefore  the  hot  model  has  been  tested 
under  nominal  RF  conditions  (40  kW  cw  for  an 
accelerating  field  of  1.75  MV/m)  to  verify  the  suitability 
of  the  technical  choices  made:  materials,  mechanical 
designs,  construction  techniques,  vacuum...  This 
prototype  includes  four  accelerating  cells,  three  full  drift 
tubes,  two  of  which  enclose  a  quadrupole  electromagnet. 
Results  show  that  a  stainless  steel  envelope  can  be  used 
even  at  these  high  power  densities,  provided  that  it  is 
copper  plated  both  inside  and  outside  to  enhance  its 
thermal  conductivity  and  lower  the  temperature  gradients. 
This  solution  leads  to  a  cheap  and  reliable  machine.  The 
new  kind  of  drift  tube  /  magnet  assembly  tested  in  this 
DTL  model  ("flooded  drift  tube"),  where  the  whole  drift 
tube  is  filled  with  water  cooling  simultaneously  the 
magnet  leads  and  the  drift  tube  walls,  is  also  a  suitable 
solution,  cheap  and  more  efficient  than  the  usual  ones. 
With  the  successful  tests  of  this  hot  model,  one  more  step 
has  been  made  towards  a  cw  Drift  Tube  Linac  for  high 
intensity  light  ions  accelerators. 

INTRODUCTION 

The  IPHI  project  [1]  included  in  its  original  version, 
after  the  RFQ  accelerating  section,  a  1  MW  DTL  (Drift 
Tube  Linac)  intended  to  accelerate  the  1 00  mA  protons 
beam  from  5  to  about  1 1  MeV.  To  pave  the  way  for  this 
machine,  a  4  cells  full  scale  model  has  been  designed, 
built  and  tested  under  full  RF  power  conditions  (but 
without  beam). 

DESIGN  OF  THE  DTL  HOT  MODEL  [2] 

The  DTL  hot  model  is  made  of  four  symmetrical  and 
identical  cells,  similar  to  the  full  DTL's  first  one.  It 
therefore  includes  three  full  drift  tubes  plus  two  half  ones 
fitted  on  the  end  caps  of  the  model.  Two  of  the  drift  tubes 
enclose  an  electromagnet  designed  to  provide  the 
maximum  strength  required  by  the  DTL  (4.70  T).  The 
accelerating  field  is  1 .75  MV/m,  corresponding  to  40  kW 
of  RF  power. 

Drift  tubes  and  magnets '  design 

Two  different  drift  tube  /  quadrupole  assemblies  have 
*pebemaudin@cea.fr 


The  first,  most  conservative  one  was  designed  by  AES. 
It  includes  a  standard,  hollow  conductor,  iron-cobalt 
electromagnet.  Cooling  of  the  drift  tube  is  on  the  outer 
radius  of  the  drift  tube  only.  The  major  weakness  of  this 
design  is  the  complexity  of  its  structure,  including  a 
difficult  transparent  welding,  which  makes  it  costly.  On 
the  other  hand,  it  is  a  well  established  design. 

The  second,  more  innovative  drift  tube  /  magnet  design 
is  called  "flooded"  because  the  whole  drift  tube  is  filled 
with  the  cooling  water  [3].  The  magnet's  leads  are  cooled 
externally  by  this  flow.  Its  iron  pole  and  yokes  are 
protected  from  corrosion  by  electrolytic  copper  plating. 
The  main  advantage  of  this  design  is  that  it  is  more 
efficient  (cooling  is  better  and  the  better  optimisation  of 
the  drift  tube's  internal  space  allow  to  use  a  bigger 
magnet)  and  far  more  simple  to  manufacture  (and 
therefore  cheaper).  On  the  other  hand,  corrosion  should 
be  considered  carefully  for  long  lifetime  accelerators. 


Figure  1:  The  hot  model’s  girder  with  all  three  drift  tubes 
fitted. 

Tank's  design  [4] 

The  tank  is  made  of  a  stainless  steel  envelope,  copper 
plated  both  inside  and  outside.  The  inner  plating  is 
obviously  for  RF  conductivity  purposes  whereas  the  outer 
plating  allows  decreasing  significantly  thermal  gradients 
and  stresses  by  artificially  enhancing  the  stainless  steel 
conductivity.  Nevertheless,  all  massive,  non  welded  parts 
like  the  girder  and  the  end  caps  are  made  of  copper. 

All  drift  tubes  are  fitted  on  a  single  girder  (figure  1)  on 
which  they  can  be  aligned  outside  of  the  tank.  Each  drift 
tube  is  fitted  with  a  mechanical  tuning  device  allowing 
precise  positioning  of  the  drift  tube  at  any  moment. 
Copper  bellows  are  used  as  a  flexible  link  between  the 
drift  tubes'  stems  and  the  girder.  Combined  RF  and 
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thermal  simulations  have  been  made  to  ensure  that  the 
troubles  encountered  with  such  a  project  in  the  past  were 
not  to  happen  again  [5]. 


Figure  2:  Inside  view  of  the  hot  model  tank  with  drift 
tubes  fitted. 


The  full  tank  was  thermally  baked  during 
manufacturing  process  to  outgas  the  hydrogen.  Pumping 
block  includes  a  turbo  molecular,  titanium  sublimation 
and  ionic  pumps.  Helicoflex  seals  are  used  for  mechanical 
reference  faces;  otherwise  standard  conflat  copper  seals 
are  used. 

RF  power  is  coupled  through  an  iris  whose  length  is 
optimised.  Two  small  shutters  allow  tuning  of  the 
coupling  factor. 

RF  seals  (silver  plated  copper-beryllium  springs)  are 
used  on  the  end  caps  and  on  the  girder  flanges.  RF 
computations  indicated  that  these  are  not  necessary  for 
the  stem-girder  link. 


—Drift  tubes  well  aligned 

-  Calibrated  misalignment  of  the  central  drift  tube 
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Figure  3:  Low  power  measurement  of  the  accelerating 
field  using  the  bead  perturbation  technique.  Blue  curve: 
all  drift  tubes  well  aligned.  Rose  curve:  central  drift  tube 
displaced. 


HOT  MODEL  TESTS 


RF  measurements 

Low  power  measurements  performed  indicated  that  the 
Q  factor  was  only  2/3  of  the  SUPERFISH  value.  It  was 
even  lower  without  using  the  RF  seals,  which  is  a  strong 
indication  of  their  efficiency.  The  relatively  low  Q  value 
can  be  explained  by  the  very  strong  end  effects  (the  model 
is  very  short)  and  by  the  size  of  the  various  ports 
(vacuum,  RF  coupling)  with  respect  to  the  model  size. 


The  absence  of  RF  seals  around  the  stems  is  certainly 
another  factor  of  explanation,  as  underlined  by  the 
bellows  heating  phenomenon  (see  below). 

Accelerating  field  aspect  has  been  checked  using  the 
bead  perturbation  technique.  The  influence  of  a  drift  tube 
misalignment  has  been  verified  (figure  3). 

At  high  power,  the  accelerating  field  has  been  measured 
using  the  bremsstrahlung  spectra  of  the  electrons  in  the 
cavity  (figure  4).  By  measuring  the  maximum  energy 
(100-150  keV)  of  the  spectrum  one  can  get  the 
accelerating  field  value.  Results  show  that  the 
accelerating  field  is  lower  than  expected,  with  a  very 
good  agreement  with  the  Q  factor  measurements  (better 
than  3%). 
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Figure  4:  Measurement  of  the  accelerating  field  using  X- 
ray  spectrometry  method  for  different  power  levels. 


Thermocouples 


Drift  tubes 


Figure  5:  Measurement  of  the  drift  tube’s  misalignment 
influence  on  the  bellows  heating.  Top:  principle  of  the 
test;  the  central  drift  tube  is  shifted  left  or  right  and  the 
temperature  is  measured  on  all  three  bellows  (at  different 
altitudes).  Bottom:  heating  on  all  three  bellows.  The 
central  bellow  (rose  curve)  is  the  hotter,  and  the  influence 
on  adjacent  bellow  is  sensible  but  smaller.  Tests  are 
performed  at  25%  of  the  nominal  power. 
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Thermo  mechanical  aspects 

Several  thermocouples  have  been  placed  in  points 
where  heating  should  have  been  the  strongest  according 
to  computations,  and  in  several  other  representative  or 
sensible  points  (by  example  inside  the  empty  drift  tube). 
The  temperature  on  the  stem  has  also  been  checked  using 
a  pyrometer. 

All  heating  are  adequate  with  expectations  but  for  two 
points:  RF  coupling  iris  and  the  copper  bellows  linking 
the  stem  to  the  girder. 

The  heating  of  the  RF  coupling  slot  is  caused  by  the 
fact  that  the  iris  is  not  copper  plated  outside. 

The  heating  of  the  copper  bellows  is  ten  times  higher 
than  expected  (some  30  to  50°C  to  be  compared  with  4  or 
5°C).  The  lower  part  of  the  bellow  is  the  hotter  one, 
indicating  than  the  power  deposit  is  strongly  non  linear 
along  its  length.  It  has  been  verified  that  a  dissymmetry  of 
the  cells  have  a  strong  influence  on  the  temperature  of  the 
bellows,  as  shown  by  the  MAFIA  computations  (figure  5). 
Nevertheless,  even  in  this  case  power  deposits  remain 
strongly  higher  than  expected  for  still  unknown  reasons. 
Anyway,  the  copper  bellows  system  is  adequate.  This 
phenomenon  plays  undoubtedly  a  significant  part  in  the  Q 
factor  decrease.  The  use  of  RF  seals  to  shelter  the  bellows 
would  probably  help  to  raise  somewhat  the  Q  factor  and 
to  decrease  heating  as  well. 

The  displacement  of  the  drift  tube's  axis  has  been 
measured.  A  thin  slot  has  been  placed  in  the  drift  tube 
aperture  and  a  laser  has  been  diffracted  by  this  slot.  The 
light  intensity  of  the  diffraction  figure's  central  fringe 
varies  linearly  with  the  displacement  of  the  slot.  The 
precision  of  this  measurement  is  around  5  microns.  The 
measured  values  are  of  some  180  microns,  which  is  in 
good  agreement  with  computations.  The  major 
contribution  (around  150  microns)  of  this  displacement  is 
caused  by  the  tank's  dilatation  and  can  be  compensated  by 
supporting  the  tank  at  the  girder's  level. 

A  mechanical  problem  related  with  the  flooded  drift 
tube  has  been  discovered.  If  the  water  pressure  is  too 
high,  the  drift  tube's  thin  wall  is  deformed  and  leads  to  a 
frequency  shift  of  several  dozens  kilohertz  (depending  on 
the  pressure).  If  the  water  pressure  is  unstable  (which 
happened  during  the  first  part  of  the  tests)  the  RF  system 
becomes  unstable  (as  the  resonance  frequency  itself 
changes  with  pressure).  This  problem  can  easily  be  solved 
by  strengthening  the  drift  tube's  structure;  several 
solutions  are  considered. 

Other  tests 

Several  other  tests  have  been  performed  on  this 
prototype.  Before  the  high  power  tests,  the  efficiency  of 
the  flooded  drift  tube’s  cooling  system  has  been  verified. 
The  magnets  gradient  has  also  been  measured.  In  both 
cases  results  were  as  good  as  expected. 

Vacuum  was  constantly  checked  during  operations. 
Conditioning  proved  fast,  indicating  that  surfaces  were 
reasonably  clean:  very  few  sparks  were  observed. 
Multipactoring  happened  only  at  very  low  power  (below 


2  kW).  Outgasing  proved  higher  than  expected  at  first,  but 
decreased  quickly.  Nevertheless,  baking  of  the  cavity  after 
the  copper  plating  process  would  certainly  be  useful.  The 
replacement  of  all  Helicoflex  seals  by  Viton  ones  led  to  an 
increase  of  the  pressure  by  a  factor  of  2. 


Figure  6:  Integrated  gradient  measurement  of  the  flooded 
quadrupole  magnet  for  various  currents.  Effect  of 
saturation  is  clearly  shown. 

CONCLUSION 

The  feasibility  of  a  cw,  352  MHz  DTL  is  well 
established,  using  reliable  and  relatively  cheap 
technologies.  Several  design  improvements  have  been 
identified:  the  mechanical  structure  of  the  flooded  drift 
tube  should  be  strengthened,  the  tank  should  be  supported 
at  the  girder  level,  but  these  remain  minor  changes.  The 
next  step  should  take  into  account  all  problems  related 
with  a  long  structure,  like  the  number  of  girders  to  be 
used  or  the  length  of  the  tank  sections. 
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Abstract 

The  proposed  LINAG  driver  for  the  SPIRAL  2  project 
aims  to  accelerate  a  5-mA  D+  beam  up  to  20  A.MeV  and 
a  1-mA  beam  for  q/A=l/3  up  to  14.5  A.MeV.  It  is  a 
continuous  wave  regime  (cw),  designed  for  maximum 
efficiency  in  the  transmission  of  intense  beams.  It  consists 
of  an  injector  (two  ECR  sources  +  a  Radio  Frequency 
Quadrupole)  followed  by  a  superconducting  section  based 
on  an  array  of  independently  phased  cavities.  This  paper 
presents  beams  dynamics  studies  associated  to  the 
LINAG  driver.  End-to-end  simulations  (low-energy  beam 
lines,  RFQ,  medium-energy  beam  line,  SC  linac)  are 
shown. 

INTRODUCTION 

The  possibility  of  a  high-intensity  accelerator  at 
GANIL,  producing  secondary  beams  of  unprecedented 
intensity,  is  considered.  A  project  named  SPIRAL  2  [1]  is 
being  under  way  presently  in  order  to  add  medium-mass 
nuclei  to  those  available  with  SPIRAL.  In  this  project, 
fission  induced  by  deuterons  is  proposed  for  the 
production  of  the  radioactive  ions,  with  the  aim  of  at  least 
1013  fissions  per  second  at  least,  with  and  without  a 
converter.  With  the  same  linac,  the  SPIRAL  2  project 
aims  to  accelerate  ions  with  q/A=l/3. 

The  linac  consists  of  a  double  injector  (two  ECRs 
sources  +  a  Radio  Frequency  Quadrupole)  and  a 
superconducting  linac  with  independent  resonators 
(QWRs  and/or  HWRs).  The  accelerating  optimisation  has 
to  be  performed  for  ions  with  q/A=l/3  (optimum  P  for  the 
superconducting  part).  The  input  energy  is  20  A.keV. 
This  allows  an  extraction  voltage  of  60  kV  (no  platform). 
The  output  energy  is  set  to  14.5  A.MeV  for  the  1-mA  ions 
beam  and  to  20  A.MeV  for  the  5-mA  deuterons  beam. 
The  input  normalised  rms  emittances  are  0.2  and 
0.4  Tc.mm.mrad  for  deuterons  and  q/A  =  1/3  ion 
respectively.  It  is  assumed  that  this  choice  would  give 
comfortable  margins  for  such  beam  currents. 

THE  LEBT  LINES 

The  LEBT  for  the  D+  beam  is  mainly  based  on  the  use 
of  2  conventional  solenoids  and  a  quadrupole  triplet,  to 
transport  and  match  the  beam  at  the  RFQ  entrance.  For 
this  design,  we  need  to  take  into  account  the  installation 
of  a  LEBT  that  transports  q/A  =  1/3  ions  to  the  same 
RFQ.  Figure  1  shows  the  beam  line  architecture. 

A  possible  transfer  line  has  been  studied  considering  a 
D+  beam  for  the  over-estimated  normalised  RMS 
emittance  of  0.2  7i.mmmrad.  Figure  2  shows  a  possible 


tuning  for  this  line.  A  scheme  for  the  heavier  ion  transport 
has  also  been  studied  and  figure  3  presents  the  structure 


Figure  2:  Deuteron  envelopes  in  the  LEBT. 
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Beam  dynamics  calculations  have  been  performed  with 
the  code  TOUTATIS  [4].  The  transmissions  are  better 
than  99.9%  for  the  ion  beam  and  the  deuteron  beam.  No 
transverse  emittance  growth  is  observed  in  the  simulation. 
The  longitudinal  rms  emittances  are  equal  to  0.05  and 
0.13  deg.MeV  for  the  deuterons  and  the  ions,  respectively. 

Monte  Carlo  simulations  have  been  performed 
assuming  mechanical  tolerance  of  ±0.1  mm  on 
machining  of  the  electrodes  and  ±0.2  mm  on 
misalignment.  The  results  confirm  that  the  deuteron 
beam  transmission  remains  very  close  to  100%  (only 
5.1  O'5  loss  rate).  This  gives  quite  a  comfortable  safety 
margin:  losses  of  up  to  3%  have  been  considered  for 
radioprotection  purposes. 

THE  SC  LINAC 

The  superconducting  linac  is  linked  to  the  RFQ  by  a 
Medium  Energy  Beam  Transport  line  (MEBT).  Figure  4 
shows  the  deuteron  beam  envelope  and  emittance 
behavior  in  the  SPIRAL  2  linac.  The  MEBT  includes  the 
possibility  to  inject  heavy  ions  coming  from  another  RFQ. 
It  contains  two  quadrupole  triplets  and  two  buncher 
cavities  at  88  MHz.  The  linac  must  have  the  ability  to 
accelerate  with  a  maximum  energy  gain  and  must  also  be 
capable  of  being  extended  to  accelerate  heavy  ions  in 
future.  It  is  based  on  independently  phased 
superconducting  resonators  (QWR  and/or  HWR).  Two 
families  of  p  are  used  with  a  frequency  of  88  MHz  for  the 
first  one  to  ensure  an  efficient  transition  to  the  88  MHz 
RFQ.  The  frequency  of  the  second  family  is  equal  to 
176  MHz  to  get  a  smooth  transition  to  a  possible  future 
352  MHz  linac  [5]. 


THE  RFQ 

The  RFQ  must  operate  in  cw  mode.  Its  frequency  has 
been  chosen  to  be  88  MHz,  a  sub-harmonic  of  352  MHz. 
This  rather  low  value  has  been  determined  for  the 
following  reasons:  the  RF  power  density  is  quite  low  at 
this  frequency  and  allows  a  solution  based  on  a  formed- 
metal  technology,  leading  to  a  cheap  mechanical  solution; 
at  low  frequencies,  the  inter-electrode  distance  is  larger 
and  permits  a  higher  margin  for  the  mechanical 
tolerances;  power  sources  are  readily  available.  The  RFQ 
output  energy,  0.75  A.MeV,  has  been  determined  by  the 
fact  that  the  first  cavities  of  the  SC  linac  must  permit  a 
possible  evolution  of  the  machine  to  ions  with  q/A  =  1/6, 
which  means  that  their  p-values  have  to  remain  quite  low 
(-0.07).  The  main  RFQ  parameters  are  described  in  the 
following  table.  The  maximum  peak  field  value  is  kept  at 
a  conservative  level  of  1.65  Kilpatrick  [2],  lower  than 
LED  A  [3]  which  also  works  in  cw  mode.  The  transverse 
curvature  of  the  pole,  p,  has  been  maintained  constant  to 
simplify  the  machining  (with  a  2D  tool). 


Table  1:  Main  RFQ  parameters 


Parameters 

Values 

Length 

5.077  m 

Minimum  aperture  (a) 

1  cm-4  0.55  cm 

Mean  aperture  (R0) 

1  cm— >  0.82  cm 

Pole  curvature  {p) 

0.75  cm 

Modulation  (m) 

1-2 

Voltage 

100  ->113  kV 

Peak  field 

1.65  Kp;  17.88  MV/m 

Synchronous  phase 

-  90  deg->  -  30  deg 
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The  linac  design  is  optimised  with  a  routine  that  iterates 
through  on  possible  geometrical  3  and  transition  3  for  the 
two  families.  The  criterion  to  define  the  optimum  3  is  the 
shortest  linac  with  a  minimum  number  of  resonators.  This 
process  is  performed  with  an  (01)  period  for  the  first 
family  and  an  (Oil)  period  for  the  second  family  where  0 
is  a  solenoid  and  1  a  cavity.  This  lattice  ensures  a  good 
efficiency  of  the  cavities  for  this  range  of  3-  The  resultant 
3  are  0.07  and  0.14  and  the  transition  3  is  equal  to  0.08 
for  an  accelerating  field,  Eacc,  equal  to  8  MV/m.  The  first 
family  requires  12  cavities  (2  tanks)  and  the  second  one 
18  cavities  (3  tanks).  A  fallback  solution  has  also  been 
studied  if  it  would  turn  out  that  this  is  too  optimistic. 
An  additional  tank  at  the  end  of  the  linac  would  allow  to 
decrease  Eacc  to  6.5  MV/m.  The  number  of  resonators  then 
becomes  24  for  the  second  family. 

The  beams  dynamics  have  been  performed  with  the 
codes  TraceWin,  PARTRAN  [6]  and  LIONS JLIN AC  [7]. 
Emittance  behaviour  in  the  linac  is  shown  in  figure  4.  All 
these  codes  are  capable  to  use  3D  field  maps  [8]. 
However,  it  is  important  to  notice  that  the  steering  effect, 
induced  by  QWRs,  is  not  included  in  the  simulation 
shown  by  the  figure  4.  This  problem  is  studied  at  present 
time  using  maps  computed  by  SOPRANO  [9].  The  first 
studies  show  that  vertical  displacements  are  sufficient  to 
reduce  the  emittance  growth  induced  by  the  dependent 
phase  deflection  for  the  first  family.  For  the  second 
family,  HWR  may  be  used  as  a  fallback  solution  if 
steering  of  176  MHz  QWR  is  too  serious. 

Ele:  453  [367865  m]  NG00D  :  49963  1  49963  Trace_Win  •  CEA/DSM/DAPNIA/SACM 


Figure  5:  Deuterons  beam  in  phase  space  at  linac  end. 


The  transmission  of  the  superconducting  part  is  100%. 
For  simulation  of  figure  4,  the  longitudinal  emittance 
growth  is  around  30%.  For  the  transverse  plane,  the 
emittance  growth  is  25%.  Figure  5  shows  the  phase  space 
portrait  of  the  deuteron  beam  at  the  exit  of  the  linac.  It  is 
clear  that  the  longitudinal  plane  is  the  critical  point  at  this 
stage  of  the  study. 

CONCLUSION 

In  the  present  paper,  we  have  studied  in  detail  technical 
aspects  of  the  SPIRAL  2  linac.  We  have  shown  that  a 
possible  architecture  can  be  found  to  reach  the  SPIRAL  2 
goal.  Meanwhile,  several  supplementary  studies  are 
required:  use  of  3D  maps,  correction  of  the  steering  effect 
induced  by  QWRs,  correction  scheme  for  the  linac  errors 
(BPMs  and  steerers),  and  definitions  of  the  tolerances  for 
construction. 
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Abstract 

The  Rare  Isotope  Accelerator  (RIA)  [1]  requires  a  high 
power  linac  capable  of  accelerating  all  ions  up  to  uranium 
to  energies  of  400  MeV/u  with  a  beam  power  of  100  to 
400  kW  in  a  CW  regime.  One  of  the  most  challenging 
features  of  the  proposed  RIA  driver  linac  is  the 
simultaneous  acceleration  of  different  charge  states  in 
order  to  increase  the  final  beam  power.  The  acceleration 
in  the  last  part  of  the  accelerator  is  provided  by  elliptical 
cavities.  Three  geometrical  p  are  used:  0.47,  0.61  and 
0.81.  To  minimize  the  cost,  one  option  is  to  reduce  the 
number  of  cryostats.  This  implies  a  maximal  number  of 
cavities  per  cryostat.  Assuming  a  lattice  composed  by  one 
doublet  and  one  cryostat,  this  option  leads  to  an  increase 
of  the  longitudinal  phase  advance  if  each  cavity  is  used  at 
the  maximum  field.  The  transverse  phase  advance,  has  to 
be  set  correctly  in  order  to  ensure  stable  motion.  This 
report  aims  to  evaluate  the  sensitivity  to  instabilities 
induced  by  the  transverse  to  longitudinal  coupling  in  the 
elliptical  cavities  of  the  RIA  linac  for  an  88+  uranium 
beam 

THEORY 

This  section  is  a  brief  summary  of  the  theory 
developed  by  I.M.  Kapchinsky  in  Reference  [2].  The 
transverse  electric  and  magnetic  field  components 
produce  a  defocusing  effect.  The  defocusing  is  a  function 
of  the  phase  of  each  particle  and  induces  a  coupling  term 
in  the  equations  of  motion.  The  equations  of  motion  for 
the  transverse  plane  may  be  reduced  to 


(1), 


where  G(t)  is  a  periodic  function  which  represents  the 
focusing,  yis  the  Lorentz  factor,  v  the  speed,  m0  the  mass, 
and  the  terms  in  the  braces  represent  periodic  functions 
for  the  defocusing  induced  by  the  accelerating  gaps.  After 
simplification,  this  equation  may  be  reduced  to  the 
canonical  form  of  the  Mathieu  equation: 

+  7t^  I#2  +  2^  sin(2#T  )]x  =  0  (2), 

dr 

with  a  =  4(7 or  ^  ^*ol  »  tf  =  0|cot(A)|,  *  is  a  new 
dimensionless  variable,  O  is  the  phase  amplitude  of  the 
particle,  and  <ps  is  the  synchronous  phase.  The  parameters 
Offr  and  <J0L  are  the  transverse  and  longitudinal  phase 
advance  per  period  at  zero  current,  respectively.  It  can  be 


shown  that  the  unstable  part  of  the  general  solution  of 
equation  2  has  the  form 

x(r)  °c  [cekT  cos (0(r))  +  De~kT  sin(<z>(r))J  (3), 

where  t)  is  the  betatron  phase.  The  parameter  k  can  be 
calculated  using  the  diagram  of  Figure  1  where  k  =  fm. 


Figure  1:  Stability  diagram  of  the  Mathieu  equation  from 
N.W.  McLachlan,  Theory  and  applications  of  Mathieu 
functions,  Dover  Publisher,  1964. 


A  FEW  EXAMPLES 

To  illustrate  this  theory  in  the  RIA  case,  let  us  test 
several  configurations  of  the  low  p  section  of  the  elliptical 
cavities  part  of  the  linac.  As  was  pointed  out  in  [3],  only 
this  part  is  relevant,  because  as  the  velocity  increases,  the 
longitudinal  phase  advance  decreases  and  pushes  the 
beam  to  a  stable  area  in  the  Mathieu  diagram  (t a 
increases).  The  recommendation  of  this  previous  work  [3] 
was  that  no  more  than  three  cavities  per  period  should  be 
included  due  to  parametric  resonance. 

To  explore  a  different  part  of  the  diagram  and  test  our 
code  PARTRAN  [4],  we  use  a  test  design  with  a 
geometrical  p  =  0.47,  14  periods  (typical  for  this  part  of 
the  linac),a  constant  synchronous  phase  of  -30°,  a 
constant  longitudinal  phase  advance  equal  to  90°  per 


0-7803-773 8-9/03/$  1 7.00  ©  2003  IEEE 


2805 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


period,  a  phase  amplitude  $  equal  to  15°,  and  rms 
normalized  emittances  eT  =  Ej/1  =  0.6  n  mm  mrad.  We 
take  eL  a  factor  of  two  larger  then  eT  to  maximize  the 
effect.  A  higher  amount  of  energy  is  then  available  for  the 
instabilities.  The  radial  dependence  of  the  field  in  a  gap  is 
represented  by  a  Bessel  function  in  PARTRAN,  following 
Reference  [5].  With  this  set  of  parameters,  q  is  equal 
to  0.45.  Figure  2  shows  a  classical  beam  envelope 
behavior  for  this  linac. 


T  raceWin  ■  CEA/DSM/DAPNIA/SEA 


Meter 


Figure  2:  Beam  envelope  behavior  in  the  test  case. 

If  we  set  the  doublets  to  get  a  constant  transverse  phase 
advance  per  period  equal  to  50°,  the  parameter  a  is  equal 
to  1.23.  The  theory  predicts  unstable  motion.  Figure  3 
shows  the  emittance  behavior  for  this  case. 


Figure  3:  Rms  norm,  emittances  for  the  50°  case. 

This  simulation  shows  an  unstable  motion  that  is 
damped  at  the  end  of  the  section.  A  transfer  of  energy 
occurs  between  the  transverse  planes  and  the  longitudinal 
plane.  This  transfer  is  damped  when  the  equipartitioning 
condition  is  met  [5]. 

To  continue  this  illustration  of  the  theory  with  the 
PARTRAN  code,  two  supplementary  cases  are  tested.  For 
the  first  one,  we  set  the  transverse  channel  to  a  constant 
80°  phase  advance.  This  is  equivalent  to  a-  3.16.  With  q 
still  equal  to  0.45,  the  theory  predicts  stable  motion. 


Again,  a  simulation  with  PARTRAN  shows  a  very  good 
agreement  for  this  case  (see  Figure  4). 
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Figure  4:  Rms  norm,  emittances  for  the  80°  case. 

For  the  next  case,  we  set  the  transverse  phase  advance 
to  90°  {a- 4).  The  results  are  shown  in  Figure  5.  The 
motion  for  this  case  should  be  unstable  due  to  a  second- 
order  resonance. 


Figure  5:  Rms  norm,  emittances  for  the  90°  case. 

Figure  5  shows  that  there  is  no  significant  effect  on  the 
halo  and  the  rms  emittance.  This  is  still  in  agreement  with 
the  theory.  Indeed,  the  strength  of  the  instability  may  be 
reduced  to  the  value  of  the  coefficient  k  in  the  exponential 
(see  Equation  3).  In  Figure  1,  it  can  be  seen  that,  for  the 
same  q ,  k  is  almost  20  times  weaker  for  a  second-order 
resonance  than  for  a  first-order  one.  This  diagram  shows 
that  it  is  possible  to  increase  the  strength  of  the  instability 
if  q  is  increased.  Taking  into  account  that  must  be  lower 
than  <ps,  the  maximum  value  for  q  that  we  can  get, 
decreasing  q>s,  is  1,  according  to  the  q  definition  above.  To 
display  this  resonance,  a  new  design  with  a  constant 
synchronous  phase  equal  to  -10°  is  studied.  The  number 
of  periods  is  20  in  order  to  have  enough  time  for  the 
instability  to  occur.  The  phase  amplitude  O  is  maximum 
and  equal  to  10°.  The  rms  normalized  emittances  are 
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&r-  £i]l  =  0.3  Ti.mm  mrad.  Parameter  a  is  still  equal  to  4 
and  q  =  0.99.  Figure  6  shows  the  behavior  of  the 
emittances  for  this  set  of  parameters. 


Figure  6:  Rms  norm,  emittances  for  a=4  and  #=0.99. 


A  clear  exchange  occurs.  The  transverse  rms  emittances 
lose  2%  compared  to  their  initial  values.  The  effect  is 
weak,  but  can  be  simulated  with  PARTRAN.  All  these 
results  show  that  the  code  is  capable  of  correctly 
illustrating  the  theory. 

FOCUS  ON  RIA  DESIGN 

The  problem  of  parametric  resonance  is  more  important 
at  geometrical  /?  equal  to  0.47  than  at  J3g  =  0.61  or  0.81  if 
we  take  into  account  that  the  longitudinal  phase  advance 
decreases  with  1//32.  The  J3g  =  0.47  section  of  the  RIA 
linac  uses  four  cavities  per  cryostats,  a  constant 
synchronous  phase  of  about  -30°  and  14  periods  [6]. 
Figure  7  shows  the  behavior  of  the  transverse  and 
longitudinal  phase  advance  for  this  section. 


Figure  7:  Behavior  of  phase  advances  for  transverse  and 
longitudinal  planes. 


Computing  the  parameters  a  and  q  according  to  the 
equations  described  above,  it  appears  that  1-2  periods  at 
the  beginning  and  3-4  periods  at  the  end  of  this  section  are 
in  the  second-order  resonance  part  of  Figure  1.  But  the 


main  part  is  located  in  the  stable  area  of  this  diagram.  A 
simulation  of  this  section  of  the  linac  shows  no 
emittance  growth  [6]. 

This  result  is  in  agreement  with  the  above  study.  The 
second  order  resonance  is  so  weak  in  this  case,  that  it 
cannot  be  observed  in  the  simulation.  Although  our  code 
is  able  to  simulate  a  2%  emittance  growth,  that  is  in  any 
case  negligible  for  this  linac. 

CONCLUSION 

This  study  shows  that  there  is  no  reason  to  decrease  the 
number  of  cavities  per  cryostat  from  4  to  3  in  order  to 
avoid  instabilities  due  to  the  defocusing  effect  in 
accelerating  gaps.  Indeed,  the  number  of  cavities  is  not 
the  issue.  The  phase  advance  per  period  is  the  relevant 
parameter.  With  the  present  accelerating  field,  the  choice 
of  4  cavities  is  safe.  If  it  is  possible  to  increase  the  field 
due  to  new  technological  progress,  it  is  necessary  to 
increase  the  transverse  phase  advance  via  higher  gradient 
in  the  quadrupoles  to  keep  the  motion  stable.  A  new  limit 
will  then  appear.  If  the  transverse  phase  advance  per 
lattice  is  higher  than  180°,  an  unstable  motion  occurs  [5]. 
One  could  think  that  this  limitation  would  be  lower  if  we 
take  into  account  the  coupling  induced  by  the  space 
charge  and  would  become  90°.  In  Reference  [7],  it  is 
clearly  shown  that  it  is  relevant  only  for  high  tune 
depression,  which  is  clearly  not  the  case  for  the  RIA 
driver  linac.  These  results  and  the  theory  of  parametric 
resonances  are  not  in  agreement  with  Reference  [3], 
which  shows  emittances  growth  of  20%  with  4  cavities.  In 
this  study,  the  author  assumes  that  a  second  order 
resonance  is  responsible  for  this  effect.  We  find  here  that 
is  not  possible  to  get  such  emittance  growth  with  a  second 
order  resonance  for  this  part  of  the  linac. 
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Abstract 

A  5  GeV  Super-conducting  Radio  Frequency 
(SCRF)  linac  for  the  dual  application  of  FEL  driver  and 
top-off  injector  for  a  storage  ring  is  described.  Starting 
from  the  FEL  drive  beam  requirements  of  sub-picosecond 
bunch  lengths  and  kiloamp  peak  current  the  choice  of 
frequency,  gradient  and  operating  modes  of  the  linac  are 
presented.  Magnetic  optics  and  RF  system  descriptions 
follow  to  provide  the  specified  beam  parameters. 
Accelerator  design  issues  are  identified  for  future  studies. 

INTRODUCTION 

Next  generation  light  sources  may  include  or  be 
based  on  Free  Electron  Lasers  (FEL)  driven  by  super¬ 
conducting  radio  frequency  (SCRF)  linacs.  The  NSLS  at 
BNL  undertook  a  design  study  of  a  linac  driven  FEL  in 
which  we  looked  at  the  trade-offs  in  the  of  choice  linac 
cavity  frequency,  pulsed  vs.  CW  operation  and  bunch 
repetition  rates.  We  then  present  the  conceptual  design  of 
a  pulsed  1300  MHz  SCRP  linac  that  provides  ultra-short 
bunch  length  and  high  peak  current  while  preserving  the 
low  emittance  required  by  the  FEL.  In  addition,  a  method 
of  performing  top-off  injection  into  a  storage  ring  in  the 
same  macro-pulse  as  the  FEL  bunch  train  is  described. 
This  method  allows  the  frequency  of  the  linac  and  ring  to 
be  independent  over  hundreds  of  kHz  bandwidth. 

FEL  BEAM  REQUIREMENTS 

As  part  of  the  conceptual  design  of  a  FEL  user 
facility  at  NSLS  [1]  a  cascaded  High  Gain  Harmonic 
Generation  (HGHG)  FEL  was  produced,  utilizing  the  so- 
called  “fresh  bunch”  technique  [2].  This  technique  uses  a 
short  ~100  fs  electron  pulse  seeded  with  a  ~20  fs  laser 
pulse  overlaid  at  the  front  of  the  electron  bunch  to 
produce  HGHG  FEL  laser  pulse.  A  magnetic  chicane  is 
used  to  delay  the  electron  bunch  and  a  harmonic  of  the 
HGHG  is  used  to  seed  a  fresh  portion  of  the  bunch.  This 
process  is  repeated  several  times  and  can  produce  very 
short  wavelength  FEL  light  at  relatively  low  electron 
energies.  The  electron  beam  requirements  to  produce  4.5 
Angstrom  FEL  light  are  given  in  Table  1 . 


Table  1:  Electron  bunch  parameters  for  4.5  Angstrom 
cascaded  HGHG  FEL. 


Electron  Energy 

4.75  GeV 

Electron  bunch  length 

100  fs  rms 

Energy  Spread 

0.01%  rms 

CHOICE  OF  LINAC  FREQUENCY 

Design  studies  incorporating  700  MHz  and  1300 
MHz  cavities  were  compared.  Three  cases  were 
considered:  TESLA  like  cavities  [3]  at  1300  MHz  and  20 
MV/m,  the  same  cavity  shape  scaled  to  700  MHz  at  16 
MV/m  and  the  case  with  700  MHz  and  20  MV/m.  The 
lower  gradient  was  included  due  to  the  realization  that  the 
larger  cavities  may  not  be  able  to  operate  at  as  high  a 
gradient  due  to  the  larger  surface  area  and  corresponding 
higher  statistical  defect  probabilities,  and  susceptibility  to 
microphonics.  Identical  cavity  designs  were  used  in  each 
case  to  preserve  the  integrity  of  the  frequency  scaling, 
changes  in  one  case  could  in  most  cases  be  made  in  the 
other,  increasing  iris  diameter  for  instance,  with  the  same 
effect  in  both  cases.  Beam  loading  can  be  neglected  if 
either  the  average  current  is  low  or  if  the  time  between 
bunches  is  long  enough  to  allow  the  rf  generator  to 
replace  the  energy  in  the  cavity  before  the  subsequent 
bunch  arrives.  In  this  case  the  power  required  by  the  rf 
system  is  dominated  by  the  microphonics  and  is 
approximated  by  the  product  of  the  stored  energy  of  the 
cavity  and  the  maximum  frequency  deviation  bandwidth 
of  the  cavity  resonance.  Since  the  700  MHz  cavities  have 
nearly  four  times  the  stored  energy  they  require  four  times 
the  installed  rf  power  for  equal  microphonics  bandwidth. 

Clearly  the  lower  frequency  favours  very  high 
current  machines  due  to  the  lower  loss  factor  translating 
into  higher  single  and  coupled  bunch  instability 
thresholds.  However,  the  lowered  frequency  results  in 
higher  cost,  driven  by  higher  rf  power  requirements, 
greater  material  costs  (primarily  the  high  purity  niobium), 
and  higher  civil  construction  costs  (longer  linac).  This, 
coupled  with  the  lower  technical  risk  associated  with  the 
well-developed  TESLA  design  leads  us  to  the  choice  of 
1300MHz. 

A  cost  benefit  analysis  was  performed  for  CW 
vs.  pulsed  operation  of  the  linac.  It  was  clear  that  the 
pulsed  linac  could  deliver  more  electron  bunches  at  a 
lower  installation  and  operating  cost  than  the  CW  linac. 
The  cryogenic  and  RF  costs  dominate  the  scaling,  and  the 
lack  of  a  CW  electron  gun  to  meet  the  FEL  requirements 
today  or  in  the  foreseeable  future  led  us  to  choose  pulsed 
operation.  The  recent  successes  of  SCRF  Electron 
Recirculating  Linacs  [4]  may  change  this  economics  if  a 
CW  electron  gun  can  be  developed.  Relevant  parameters 
of  the  pulsed  mode  of  operation  are  given  in  Table  2. 
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Table  2:  Pulsed  linac  operation.  The  AC  power 
estimates  were  made  assuming  a  50%  AC  to  RF 
efficiency  and  500: 1  ratio  of  AC  watts  to  2°  K  W. 


5GeV  Linac 

1.3  ms  pulse/lOHz 

Gradient 

25  MV/m 

#  Cavities 

192 

#  of  Klystrons 

6  (10  MW) 

Average  rf  power 

780  kW 

Cryo  load  @2°K 

~350  W  +static  losses 

Linac  Length 

288  m 

Bunch  Rate 

100  kHz  (10  MHz  for  1 
ms  x  10  Hz)  1 

AC  Power 
(Cryo  +  rf  only) 

~2  MW 

LONGITUDINAL  DYNAMICS 


The  conceptual  design  of  a  SCRF  linac  with  two 
magnetic  chicanes  to  provide  the  FEL  bunch  requirements 
is  shown  schematically  in  Figure  1,  and  the  parameters  of 
the  linac  in  Table  3. 


Gun 


Linearizer  Linac  2 


Linac  3 


To  FEL 


Linac  1  Chicane  1  Chicane  2  3  GeV*\ 

extraction 

To  Ring 


Fig.  1:  Layout  of  4.75  GeV  FEL  driver  linac. 


longitudinal  phase  space  before  going  through  the  first 
chicane.  Two  chicanes  are  used  to  compress  the  beam  in 
stages  separated  by  an  energy  gain  in  the  second  linac. 
This  allows  for  the  natural  reduction  in  rms  energy  spread 
due  to  the  energy  gain.  Finally  the  beam  is  accelerated  to 
the  final  energy  of  4.75  GeV  for  the  FEL.  Since  the  beam 
is  not  always  on  crest  in  order  to  chirp  the  beam  for 
compression,  the  installed  linac  energy  gain  has  to  be  5 
GeV. 


RF  SYSTEMS 

The  proposed  photocathode  gun  is  a  3.5  cell  gun 
operating  at  1300  MHz.  With  the  combination  of  proper 
cell  shaping  to  increase  the  shunt  impedance  and  over¬ 
coupling  the  cavity  to  decrease  the  fill  time  at  the  expense 
of  installed  RF  power  a  preliminary  design  with  60 
MV/m  gradient  on  the  cathode  and  60  W/cm2  has  been 
achieved. 

The  SCRF  linac  is  powered  by  eight  high-power 
klystrons.  There  is  one  each  for  the  first  two  linac 
sections,  consisting  of  6  and  24  9-cell  cavities 
respectively.  The  final  linac  section  consists  of  170 
cavities  and  requires  6  klystrons.  The  first  150  MeV  linac 
section  before  the  linearizer  could  in  principle  have  a  2.5 
MW  klystron.  The  remaining  klystrons  are  10MW 
klystrons. 

RING  INJECTION 


Table  3:  4.75  GeV  SCRF  linac  parameters. 


Parameter 

Unit 

Value 

Injector  energy 

MeV 

10 

Bunch  length 

ps 

2 

Energy  spread  (rms) 

% 

0.2 

1st  linac  maximum  energy  gain 

MeV 

150 

1st  linac  phase 

Deg 

28.7 

Beam  energy  after  1st  linac 

MeV 

141.6 

3rd  harm,  linearizer  max  energy  gain 

MeV 

25 

lsl  Chicane  R56 

mm 

50 

Bunch  length  (rms) 

ps 

0.32 

Energy  spread  (rms) 

% 

0.83 

2nd  Linac  maximum  energy  gain 

MeV 

600 

2nd  linac  phase 

Deg 

41 

Beam  energy  after  2nd  linac 

MeV 

716.0 

2na  Chicane  R56 

mm 

41 

3rd  linac  maximum  linac  gain 

MeV 

4241.1 

3rd  linac  phase 

Deg 

-18 

Final  beam  energy 

MeV 

4750 

Final  bunch  length  (rms) 

ps 

0.1 

Final  energy  spread  (rms) 

% 

0.0085 

The  photo-injector  is  pulsed  at  10  Hz  with  1  ms 
macropulses  with  a  bunch  frequency  of  10MHz.  These 
are  accelerated  in  the  first  linac  to  a  high  enough  energy 
to  avoid  space  charge  blow-up  of  the  bunch  in  subsequent 
beam  manipulations.  The  beam  passes  through  a 
linearizer  to  take  out  the  RF  induced  curvature  in 


Electron  bunch  quality  of  the  linac  greatly 
exceeds  the  requirements  of  a  ring  injector,  and  injected 
bunch  will  filament  in  the  storage  ring  to  an  equilibrium 
emittance  determined  by  the  ring  lattice. 

The  electron  bunch  is  extracted  from  the  linac  at 
the  3  GeV  of  the  beam  energy,  where  a  fast  extraction 
kicker  is  placed  in  a  gap  between  cryostats.  The  1.75  GeV 
of  linac  beyond  this  point  in  the  FEL  line  is  sufficient  to 
vaiy  the  FEL  linac  energy  from  1.25  to  4.75  GeV  without 
affecting  ring  energy  or  phase.  The  ring  extraction  energy 
can  be  varied  over  a  small  range  and  likewise 
compensated  by  the  remaining  FEL  linac  tanks. 

The  proposed  storage  ring  RF  system  would 
utilize  CESR II  SCRF  cavities  at  500  MHz.  This  produces 
a  somewhat  awkward  frequency  ratio  of  2.6.  Although  it 
is  possible  to  lock  the  frequency  of  the  ring  by  providing 
a  variable  path  length  chicane,  and  cogging  by  adjusting 
phase  to  fill  different  ring  buckets  the  following  novel 
approach  has  been  adopted. 

The  ring  RF  system  would  be  designed  to  be 
several  hundred  kHz  from  500  MHz,  in  fact  the  first 
NSLS  upgrade  lattice  resulted  in  an  RF  frequency  of 
499.97  MHz.  The  resulting  frequency  ratio  instead  of 
being  rational  is  now  irrational  and  there  arises  a  beat 
frequency  between  the  respective  RF  systems  of  300  kHz. 
This  allows  the  ring  buckets  to  “precess”  past  the  linac  rf 
system.  In  3.3  ps  any  given  ring  bucket  will  precess  2n 
radians,  and  line  up  with  an  injected  bunch.  This  is  shown 
in  Fig.  2. 
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A  separate  photo-cathode  laser  locked  to  the 
linac  RF  and  triggered  at  a  zero  of  the  phase  error 
between  the  linac  and  ring  creates  a  bunch  at  the  tail  end 
of  the  FEL  beam  macro-pulse  (Fig.  3).  This  bunch  is 
separated  from  the  FEL  bunches  by  a  minimum  of  the 
extraction  kicker  rise  time  and  by  up  to  3.3  microseconds 
which  is  the  time  it  takes  any  given  bucket  to  precess  past 
the  injection  point. 


Bucket  Lengths  in  Ring  rf  (radians) 

Fig.  2:  Bunch  and  bucket  traces  for  499.97  MHz  ring 
buckets  and  1 300  MHz  linac  bucket. 


CONCLUSION 

Next  generation  light  sources,  which  may 
include  short-wavelength  FEL’s  as  well  as  storage  rings 
with  top-off  injection,  can  use  the  same  SCRF  linac  for 
both  purposes.  The  linac  has  to  be  optimised  for  the  FEL 
beam,  but  easily  meets  the  requirements  for  the  ring. 
Bunch  “stealing”  at  the  end  of  the  FEL  macro-pulse  with 
asynchronous  linac  and  ring  frequencies  insures 
independent  operation  of  the  two  machines. 
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BEAM  DYNAMIC  CALCULATIONS  FOR  THE 
SUPERCONDUCTING  COSY  INJECTOR  LINAC 

A.  Lehrach,  H.  Jungwirth*,  R.  Maier,  R.  Tolle,  Forschungszentrum  Julich,  Germany 


Abstract 

A  superconducting  injector  linac  for  the  Cooler- 
SYnchrotron  COSY  is  under  investigation  to  increase  the 
intensity  of  polarized  proton  and  deuteron  beams  [1],  In 
this  report  the  layout  and  magnet  requirements  of  the 
matching  and  linac  section  are  discussed  and  sensitivity 
studies  of  the  lattice  performed  to  find  the  requirements 
for  an  orbit  correction  system.  A  6-dimensional  multi¬ 
particle  tracking  code  [2]  was  used  to  simulate  the  beam 
in  the  transverse  and  longitudinal  phase  space. 

INTRODUCTION 

The  Institut  fur  Kemphysik  of  the  Forschungszentrum 
Julich  is  investigating  a  new  injector  (COSY-SCL)  for  the 
cooler-synchrotron  COSY,  which  will  replace  the  more 
than  30  years  old  cyclotron  JULIC.  Our  aim  is  to  increase 
the  intensity  of  polarized  proton  and  deuteron  beams  in 
COSY  typically  by  a  factor  of  10  compared  to  what  can 
be  delivered  to  experiments  at  present.  The  conceptual 
design  of  COSY-SCL  has  been  described  previously  [1]. 
It  makes  use  of  a  superconducting  linac,  together  with 
advanced  ion  sources  and  interchangeable  160  MHz  RF- 
quadrupole  (RFQ)  pre-accelerators  including  booster 
cavities  for  H~  and  D"  beams,  respectively.  The  linac 
design  is  based  on  a  44  single-cell  half-wave  resonator 
(HWR)  acceleration  structure,  of  which  the  first  20 
resonators  operate  at  160  MHz  and  the  remaining  24  at 
320  MHz,  for  delivering  both  polarized  and  unpolarized 
pulsed  H“  and  D"  beams  at  a  kinetic  energy  between  50 
and  60  MeV  for  charge  exchange  (stripping)  injection 
into  COSY.  The  beam  current  will  be  limited  to  2  mA 
(peak)  in  pulses  lasting  up  to  500  ps  at  a  maximum 
repetition  rate  of  2  Hz. 

Beam  dynamic  simulations  have  been  carried  out  to 
investigate  the  transversal  optics  and  orbit  deviations  in 
the  matching  and  linac  sections  due  to  misalignments  of 
optical  and  accelerating  elements. 

BEAM  MATCHING  SECTION 

The  layout  of  the  matching  section  including  the  first 
two  unit  cells  of  the  linac  can  be  seen  in  Fig.  1  (upper 
part).  The  whole  matching  section  has  only  a  length  of 
about  1  m,  78  cm  for  the  focusing  magnets  including  drift 
spaces  and  2 1  cm  for  a  1 60  MHz  rebuncher.  Quadrupole 
doublets  are  used  for  transverse  focusing.  This  simple 
type  of  focusing  structure  fits  the  requirements  for  the 
matching  section,  because  it  automatically  creates  a 
circular  transverse  beam  profile  between  the  two 
quadruples  as  well  as  in  the  middle  of  the  rebuncher, 
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where  the  beam  size  is  of  the  order  of  13  mm  in  diameter. 
The  two  quadrupole  doublets  located  upstream  and 
downstream  of  the  rebuncher  are  also  sufficient  to  match 
the  orientation  and  size  of  the  transverse  phase  space 
distribution  from  the  exit  of  the  RFQ  section  to  the 
entrance  of  the  first  cryostat.  The  second  quadrupole 
doublet  is  already  part  of  the  first  linac  unit  cell.  To 
reduce  construction  costs,  the  same  quadrupole  type  like 
in  the  linac  section  can  be  utilized.  Such  quadrupoles 
have  an  effective  length  of  8.5  cm,  an  aperture  of  38  mm 
and  a  maximum  gradient  of  45  T/m  [3].  The  following 
transverse  beam  properties  at  the  end  of  the  RFQ  section 
are  expected  for  D':  s=5n  mm.mrad  (la,  geometric),  ax<y= 
-1.5;  0.6,  and  |3xy=0.4  m/radian;  0.2  m/radian  [4].  In 
Figure  1  (lower  part)  the  transverse  beam  envelopes  are 
shown.  The  maximum  focusing  gradient  for  this  layout  is 
less  than  20  T/m  for  D‘  and  less  than  10  T/m  for  H\  The 
diagnostic  devices  will  be  placed  between  the 
quadrupoles,  following  the  same  adjustment  procedure 
like  in  the  linac  section  itself  [1]. 


....  I  ■  □  a  i  rrm  i  ■  mm 


Figure  1:  Matching  section  including  the  first  two  unit 
cells  of  the  linac  (upper  part)  and  transverse  4a  beam 
envelopes  in  the  matching  section  and  at  the  entrance  of 
the  linac  (lower  part). 

For  longitudinal  beam  matching,  a  2-gap-spiral 
resonator  with  approximately  100  kV  maximum  voltage 
and  a  length  of  15  cm  is  proposed  [4].  Since  the  RFQ 
sections  for  H‘  and  D'  are  nearly  the  same,  except  for  a 
few  periods  in  the  first  part  of  the  two  RFQs,  roughly  the 
same  particle  distribution  is  expected  for  H‘  and  D"  at  the 
exit  of  the  RFQ  section.  The  bunch  length  is  about  ±15° 
with  a  full  energy  spread  of  75  keV/nucleon  (Figure  2).  In 
the  drift  between  RFQ  and  rebuncher,  the  longitudinal 
phase  space  distribution  diverges,  leading  to  a  bunch 
length  of  more  than  ±20°.  The  rebuncher  inverts  the 
energy  deviation  of  the  beam,  leading  to  a  converging 
beam  in  longitudinal  phase  space.  This  requires  a  peak 
voltage  of  45  kV  for  D'  and  22.5  kV  for  H‘  with  the 
present  rebuncher  design.  Thus  the  beam  motion  from  the 
exit  of  the  RFQ  section  to  the  entrance  of  the  first  cryostat 
corresponds  to  a  180°  image  of  the  beam  in  longitudinal 
phase  space.  The  longitudinal  phase  space  distribution 
continues  to  converge  in  the  first  cryostat  to  a  very  small 
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bunch  length  of  less  than  ±5°  in  the  middle.  Simulations 
show,  that  the  presented  layout  is  capable  to  accept  5  % 
variation  of  the  initial  beam  parameters  without  beam 
losses.  It  also  clarifies,  that  the  rebuncher  doesn't  need 
any  transverse  beam  focusing  properties. 


theoretical  gradients  of  less  than  40  T/m.  This 
corresponds  to  a  physical  magnet  length  of  12.5  cm  and  a 
drift  space  of  13  cm  in  between  the  two  quadrupoles  of  a 
doublet.  Identical  arrangements  can  be  used  for  all  unit 
cells. 


Figure  2:  Transverse  and  longitudinal  phase  space 
distribution  of  the  beam  (from  the  top)  at  the  exit  of  the 
RFQ  section,  the  entrance  of  the  rebuncher,  the  exit  of  the 
rebuncher,  the  entrance  of  the  first  cryostat,  and  in  the 
middle  of  the  first  cryostat. 

LINAC  SECTION 

Four  resonators  will  be  mounted  in  each  cryostat. 
Quadrupole  magnets  and  also  diagnostic  devices  will  be 
placed  between  the  cryostats.  Transverse  beam  focusing 
in  the  linac  is  based  on  a  doublet  like  structure  outside  the 
cryostats,  utilizing  two  conventional  quadrupole  magnets 
in  each  unit  cell  with  a  diagnostic  box  in  between.  Since 
we  are  limited  in  length  of  the  unit  cells  due  to  beam 
dynamical  requirements  for  the  longitudinal  phase  space 
[1],  the  design  of  the  quadrupoles  is  critical  in  terms  of 
physical  length  and  maximum  gradient.  We  tried  to 
optimize  the  drift  space  between  the  quadrupoles  and  the 
length  of  the  magnets  by  two  criteria,  moderate 
quadrupole  gradients  with  acceptable  beam  envelopes. 
After  several  iterations,  we  came  to  the  conclusion  that 
the  best  compromise  is  to  use  a  unit-cell  length  of  1 .7  m 
and  an  effective  quadrupole  length  of  8.5  cm  with 


--  HUH 


Figure  3:  Lattice  of  the  linac  including  the  matching 
section.  4o  beam  envelopes  computed  for  accelerating  H’ 
(upper  plot)  and  D‘  periodically  constant  throughout  the 
linac  and  can  be  optimized  further. 

Figure  3  shows  the  beam  envelopes  computed  for  H' 
and  D“  using  10000  particles.  The  quadrupole  settings  are 
chosen  for  keeping  the  beam  envelopes  periodically 
constant  throughout  the  linac  and  can  be  optimized 
further.  The  betatron  amplitudes  and  thus  also  the  beam 
envelopes  have  a  periodic  structure.  The  minimum  of  the 
betatron  amplitude  in  each  unit  cell  is  slightly  increasing 
with  the  rigidity  of  the  beam,  depending  on  the  focusing 
strength  applied.  The  4a  beam  envelope  is  expected  to  be 
less  than  12  mm.  The  maximum  gradient  needed  for  this 
lattice  is  about  25  T/m  for  50  MeV  H  and  38  T/m  for 
56  MeV  D'.  Figure  4  shows  the  results  obtained  for  the  6- 
dimensional  phase  space  of  the  H~  and  D‘  beams  at  the 
linac  exit. 


Figure  4:  The  6-dimensional  phase  space  computed  by 
tracking  simulations  for  50  MeV  H‘  (upper  plots)  and 
56  MeV  D"  (lower  plots)  beams  at  the  linac  exit. 
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These  results  indicate  that  in  such  a  lattice  we  would  have 
to  expect  a  transverse  geometric  beam  emittance  (4*rms) 
of  less  than  4 n  mm.mrad  for  H~  and  about  5tt  mm.mrad 
for  D*  at  the  linac  exit  (see  table  1). 


Table  1 :  Geometric  beam  emittance  (4*rms  and  max.)  at 
the  exit  of  the  linac  section. 


Horizontal  (geom.) 

Vertikal  (geom.) 

IT 

4*rms 

2.6%  mm.mrad 

3.6%  mm.mrad 

Max. 

8.9jt  mm.mrad 

16.7tc  mm.mrad 

D‘ 

4*rms 

4.6rc  mm.mrad 

4.77c  mm.mrad 

Max. 

36.271  mm.mrad 

20.5ti  mm.mrad 

For  the  longitudinal  phase  space  at  extraction  one  finds 
minimum  Ap/p  values  of  ±2x1  O'3  and  ±8xl0"3, 
respectively,  depending  on  the  orientation  of  the 
longitudinal  phase  space  distribution  of  the  beam. 


SENSITIVITY  OF  THE  LATTICE 


Orbit  deviations  in  the  linac  are  mainly  caused  by 
misalignments  of  magnets  and  resonators.  To  determine 
such  effects,  magnets  and  resonators  are  randomly  shifted 
in  all  three  dimensions  by  maximum  values  of  ±0.1  mm 
and  ±0.75  mm,  respectively  [5].  In  addition  the  phase  and 
amplitudes  of  the  resonators  are  also  randomly  changed 
by  up  to  ±0.5°  and  ±0.5  %.  For  each  case  ten  samples  of 
1000  particles  were  tracked  through  the  matching  and 
linac  section.  Figure  5  shows  the  resulting  orbit  deviations 
and  associated  divergences  of  the  beam  center  for  H'  in 
the  horizontal  and  vertical  plane. 


Figure  5:  Orbit  deviations  (left)  and  divergences  (right)  of 
the  beam  center  in  the  horizontal  (upper  plots)  and 
vertical  (lower  plots)  planes  for  H'  versus  element  number 
for  ten  different  cases  of  randomly  distributed  errors. 


The  orbit  deviation  of  the  beam  center  for  H‘  is  less  than 
8  mm  with  a  orbit  divergence  up  to  10  mrad.  For  D'  this 
effect  is  smaller.  The  maximum  orbit  deviation  of  the 
beam  center  in  both  planes  is  only  about  4  mm  and  the 
maximum  orbit  divergence  about  8  mrad.  Taking 
maximum  beam  envelopes  of  about  1 1  mm  and  maximum 
orbit  deviations  of  about  8  mm  into  account,  the 
acceptance  of  the  machine  is  too  small  without  orbit 
corrections,  leading  to  significant  beam  losses. 

CONCLUSION 

For  50  MeV  H'  and  56  MeV  D’,  quadrupoles  with  an 
effective  length  of  8.5  cm  and  a  maximum  gradient  of 
45  T/m  are  sufficient  to  focus  the  beam  in  the  given 
lattice  with  a  unit  cell  length  of  1 .7  m.  Without  correction, 
significant  beam  losses  are  expected.  To  reduce  beam 
losses,  typical  correcting  angles  of  up  to  a  few  milliradian 
for  H“  and  D'  are  required,  if  one  would  place  correcting 
dipoles  between  the  quadrupoles  of  the  doublets  or  use 
extra  dipole  windings  on  the  quadrupoles.  A  correction 
system  or  beam  based  alignment  is  certainly  needed  under 
these  circumstances,  and  a  steering  concept  will  have  to 
be  developed. 
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DEBUNCHER  DEVELOPING  FOR  H  AND  D  BEAMS  INJECTION  INTO 

COSY  RING 

N.  Vasyukhin,  R.Maier,Y.  Senichev,  R.  Stassen,  R.Toelle,  FZJ,  Germany 


Abstract 

In  case  of  super-conducting  injector  in  synchrotron  due  to 
high  accelerating  gradient  the  energy  spread  of  beam  after 
linac  exceeds  the  longitudinal  acceptance  of  ring.  The 
problem  becomes  even  more  difficult,  when  we  need  to 
inject  two  beams  with  different  charge/  mass  ratio.  We 
consider  the  problem,  when  H"andD"  particles  are 
injected  and  ratio  of  mass  to  charge  differs  by  a  factor  of 
two.  Both  beams  will  be  injected  into  ring  at  an 
approximately  similar  energy  50  MeV.  To  fulfill  the 
monochromatization  requirement  the  momentum  spread 
of  H  and  D  beams  has  to  be  decreased  from 
&p/ p  =  ±(5 +8) •  10'3  [1]  to  Ap//?  =  ±1.5-10~\  or  in 
special  case  A pi  p  —  +7.5 •  lO"4  by  the  debuncher  system 
optimized  for  both  sorts  of  particle  simultaneously.  For 
this  purpose  the  E  and  H  debuncher  types  are  considered. 

PHASE  ADVANCE  ADJUSTMENT. 

The  first  and  obvious  possibility  is  to  adjust  the  advanced 
phase  <j>  ~  ^Ee  sirups  in  the  longitudinal  plane  of  whole 
linear  accelerator  and  rotate  the  phase  portrait  to  get 

Longitudial  Phase  Portrait  of  P  beam 


Figure  1 :  H-beam  phase  portrait  on  linac 
exit  vs  synchronous  phase 

smaller  momentum  spread.  Definitely  using  this  method, 
we  should  conserve  the  final  energy  of  linac,  what  is 
possible  in  case  Ea  cos  (ps  —  const .  From  Figure  1  you 
can  see  that  minimum  momentum  spread  of  H  beam 
can  be  reached  at  <ps  -  -25°,  when  85%  of  particles  will 
be  in  the  frame  of  required  momentum  spread.  However, 
for  D  beam  the  optimum  phase  advance  is  another  value 
(see  figure  2).  The  best  case  is  <ps  =  -22° ,  when  we  can 
safe  about  80%  of  particles. 


IwiQrtudinif  Phis.  Portmt  of  D  beam 


Figure  2:  D-beam  phase  portrait  on  linac  exit 
vs  synchronous  phase 


BEAM  DEBUNCHERING. 

Another  method  of  monochromatization  is  connected  with 
using  the  debuncher  for  H  and  D  beams  after  linac.  The 
type  and  construction  of  debuncher  is  determined  by 
required  generator  power.  We  study  two  options:  one 
short  (single  gaps)  and  two  long  (six  gaps)  cavities.  Both 
options  are  for  160  MHz  frequency,  since  in  case  320 
MHz  it  is  not  enough  large  linear  phase  oscillation  region. 
In  second  option  we  optimized  geometry  of  cavity  for 
solid-state  generator  <  10  kW.  Beam  parameters  have 
been  taken  for  synchronous  phase  in  linac  <ps  =  -30° , 
since  for  this  value  the  separatrix  is  optimized.  H  and  D- 
beams  parameters  on  linac  exit  are  placed  in  table  1.  You 
can  see  momentum  spread  is  very  different  for  H  and  D. 

Table  1 


H 

D 

Frequency,  MHz 

160 

160 

Beam  velocity/c 

0.313 

0.238 

Beam  kinetic  energy,  MeV 

49.4 

55.7 

Beam  chamber  aperture 
diameter,  mm 

20 

20 

Duty  cycle 

1% 

1% 

Beam  ±  Ap/p 

5.73-10'3 

8.9- 10  3 

Bunch  length  in  160  MHz 

±19° 

±7° 

One  single-gap  debuncher 

It  based  on  conventional  omega-structure.  After  drift  of 
12  m  D-bunch  phase  length  increases  up  to  ±85°  (in  160 
MHz)  and  H-bunch  up  to  ±30°.  The  beam  dynamic 
calculation  shows  that  in  order  to  decrease  momentum 
spread  up  to  required  value  we  need  RF  pulse  power 
around  110  kW  for  proton  and  60  kW  for  deuteron,  and 
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the  peak  electric  field  is  25  MV/m  (1.9  Kilpatrick).  Thus, 
the  option  of  single-gap  debuncher  requires  high  power 
RF  generator  with  enough  high  peak  electric  field. 


Two  multi-gaps  debuncher 

In  this  option  we  investigated  another  solution:  two 
different  multi-gaps  debunchers  for  proton  and  deuteron, 
and  both  optimized  for  maximum  power  generator  limited 
by  10  kW.  One  of  the  most  appropriate  structures  is  drift 
tube  resonator.  We  considered  TM  and  TE  types.  After 
analyzing  we  took  the  TE  rectangular  cavity  with  cross- 
section  -50x50  cm.  The  TM  type  has  almost  the  same 
shunt  impedance  but  2  times  bigger  sizes.  In  multi-gaps 
case  the  main  criterion  is  the  required  generator  power  (or 
shunt  impedance).  Peak  electric  field  is  much  less  then 
Kilpatrick  limit.  Different  variants  have  been  calculated 

on  MAFIA  with  variation  of  gap  coefficient  (Xx  -  for 

fiX 


h 

fix 


regular  cells  and  a2  -  for  extremes.  Here  bx  and  b2  - 


gaps  length.  Figures  3,  4  show  the  3D  diagram  plotted  to 
define  optimal  ax  and  a2  for  D  and  H  debuncher. 

Further  calculations  were  fulfilled  with  optimal 
parameters  for  each  case.  The  number  of  gaps  in  H 
debuncher  is  taken  4  and  6  in  D  debuncher.  The  stem 
radius  of  drift  tube  is  Rstem  - 1  cm  and  length  of  cavity 


Figure  3:  Shunt  impedance  vs  gap  ratio 
for  6  gap  debuncher,  Deuterons 


□  36.00-38.00 

■38.00-40.00 

040.00-42.00 
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046.00-48.00 

■  48.00-50.00 

Figure  4:  Shunt  impedance  vs  gap  ratio 
for  4  gap  debuncher,  Protons 
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generator  the  beam  dynamics  code  was  used.  The  real 
electric  field  distribution  was  obtained  from  MAFIA. 

The  final  momentum  compression  depends  on  bunch 
length  increasing  in  drift  space  and  rotation  angle  in 
debuncher.  However,  in  the  optimized  drift  the  bunch 
length  has  not  to  exceed  the  value,  when  head-tail 
particles  appear  in  non-linear  sin-wave  region  of 
debuncher  electrical  field.  So,  we  should  trade  off  both 
factors.  For  our  bunch  shape  from  linac  the  optimum  drift 
between  linac  and  debuncher  is  9m  and  20m  for  D  and  H 
beams  accordingly.  Coming  in  buncher,  D-bunch  has  the 
phase  length  ±67°  and  H-bunch  ±63°  (  both  in  160  MHz). 
The  final  phase  portrait  after  monochromatization  is 
shown  on  figures  1  and  2.  Table  2  gives  the  parameters  of 
debuncher  cavity  for  proton  and  deuteron  calculated  for 
aperture  radius  Ra  ~  1cm ,  outer  radius  of  drift  tube 


Router  =  1.5cm  ,  stem  radius  Rstem  =  1cm  . 


Table  2 


Num. 

f'cavity* 

^sh» 

Rsh/L, 

F peak 

Power  of 

Gaps 

(m) 

(M£2) 

(MQ/m) 

FfCHpatrik 

generator 
Psen,  kW 

Protons 

2 

0.58 

10.2 

17.5 

0.78 

51.1 

3 

0.86 

28.8 

33.0 

0.47 

16.4 

4 

1.15 

49.8 

43.3 

0.36 

9.5 

5 

1.46 

67.5 

46.2 

0.24 

7.3 

Deuterons 

2 

0.42 

14.6 

34.7 

0.80 

57 

3 

0.65 

30.1 

46.8 

0.59 

35 

4 

0.87 

48.8 

56.1 

0.53 

19.3 

5 

1.1 

67.1 

60.1 

0.46 

16.5 

6 

1.3 

85.2 

65.5 

0.62 

11.7 

7 

1.56 

103 

66.1 

0.45 

9.2 

Adding  second  resonator  with  doubled  frequency,  we  can 
improve  momentum  spread  (see  figure  2).  Usually  the 
second  harmonic  cavity  is  used  to  linearize  the  sin-wave 
field.  In  our  case  it  is  supposed  to  correct  bunch  shape  and 
compensate  nonlinearity  of  whole  linear  accelerator, 
which  one  allows  to  have  on  exit  for  single  deuterons 
bunch  A pf  p  =  ±4.5  •  10"4 .  Second  resonator  can  be  based 
on  conventional  one  gap  omega  structure.  In  this  case 
required  power  for  second  generator  is  5.5kW.  The  drift 
length  for  deuterons  should  be  increased  up  to  14  m. 

RF  field  errors 

All  above  stated  calculations  consider  bunch  after  ideal 
linear  accelerator.  In  reality  due  to  RF  field  amplitude  and 
phase  instabilities  (~1%,  1°)  the  effective  bunch  has  larger 
sizes.  Figure  5  shows  the  effective  bunch  portrait  after 
linac  for  the  different  instability  value.  Obviously,  the 
optimised  debuncher  system  has  to  take  into  account  this 
circumstance. 
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D-beam  affective  lofigitud a!  phase  portrait  on  linac  «it 


*  I  '  •  1  i  ’  '  ’  '  ’  . . i  | 

310  320  330  340  350  360 

Phase,  deg  (m  phase  320  MHz) 

Figure  5:  D-beam  effective  phase  portrait  on  linac 
exit  vs  errors. 

Tabel  3  shows  the  percentage  of  accepted  particles  and 
the  required  power  of  generator  in  case  of  5  gaps  cavity 
for  proton  and  6  gaps  cavity  for  deuterons  with  various 
drift  length. 


Table  3 


Drift 

length, 

m 

Percentage  of 
particles  in  region 
Ap  /  p  =  ±1.5 *10"3 
consider  errors=l  % 

Percentage  of 
particles  in  region 
Ap/ p  =  ±1.5*10“3 
consider  errors=0.5% 

p, 

kW 

Protons 

16 

98.38 

99.64 

10.2 

17 

99.01 

99.73 

9.7 

18 

99.19 

99.73 

8.2 

19 

99.19 

99.82 

7.3 

20 

99.37 

99.82 

6.8 

21 

99.55 

99.91 

6.5 

Deutems 

5 

88.95 

95.96 

27.3 

6 

92.45 

97.66 

20.9 

7 

94.07 

98.11 

16.6 

8 

95.6 

98.47 

14.1 

9 

95.6 

98.11 

11.7 

10 

95.6 

97.66 

10.1 

11 

95.24 

97.3 

8.6 

12 

95.23 

97.3 

8.2 

13 

95.15 

97.39 

7.7 

14 

94.7 

97.21 

7.2 

The  percentage  of  accepted  particles  depends  on  drift 
length  weakly,  but  the  required  power  grows  with  drift 
significantly.  From  table  we  can  see  9  m  drift  space  gives 
the  best  captures  of  D-particle,  but  the  power  little  bit 
exceeds  10  kW.  Therefore  12  m  drift  space  option  is  more 
preferable. 


Two  harmonic  debuncher 

Almost  the  same  estimations  have  been  done  in  case  of 
two-harmonic  debuncher.  Two-harmonic  debuncher 
consists  of  two  cavity  -  cavity  with  normal  frequency 
(160MHz)  and  cavity  with  doubled  frequency  (320MHz). 
First  cavity  is  5  gaps  cavity  for  protons  and  6  gaps  cavity 
for  deuterons.  Second  harmonic  cavity  is  based  on 
conventional  one-gap  omega  structure.  Due  to  larger 
linear  region  in  two-harmonic  debuncher,  the  optimized 
drift  space  has  another  value.  Table  4  shows  percentage  of 
accepted  D-beam  and  required  power  of  generator  for  first 
(Pi)  and  second  (P2)  cavity  in  case  of  two-harmonic 
debuncher. 


Table  4 


drift 

Percentage  of 
particles  in  region 
Ap/p  =  ±1.5-10-3 
consider  errors=l% 

Percentage  of 
particles  in  region 
Ap/p  =  ±1.5-10“3 
consider  errors=0.5% 

Pi. 

kW 

p* 

kW 

12 

95.69 

97.66 

9.6 

1.4 

13 

96.41 

98.56 

9.6 

3.1 

14 

97.21 

99.28 

9.6 

4.5 

EE 

97.12 

99.01 

eh 

EH 

EE 

96.68 

98.29 

EH 

EH 

IB 

95.87 

97.84 

EH 

EH 

You  can  see  actually  H-beam  does  not  need  the  second 
harmonic  cavity.  However,  for  special  requirements,  when 

we  need  A pip-  ±7.5  •  10  4  the  second  harmonic  cavity  is 
needed  for  H  beam  as  well,  and  the  capture  efficiency  will 
be  95%  for  RF  errors  1  %  and  97.5%  for  errors  0.5%. 

CONCLUSIONS. 

So,  we  analyzed:  4  possibilities  of  H  and  D  beams 
monochromatization  simultaneously: 

1.  Phase  advance  adjustment:  it  has  the  momentum 
spread  reduction  limitation. 

2.  One  single-gap  debuncher:  it  specifies  high  peak 
electric  field  and  high  power  RF  generator. 

3.  Two  multi-gaps  debunchers:  the  solid-state  generator 
can  be  used. 

4.  Two-harmonic  debuncher:  it  improves 

monochromatization  and  allows  to  get  the  effective 
momentum  spread  ~  7.5-10-4 
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Abstract 

For  the  new  sc-linac  for  COSY  at  FZ  Jtilich  [1],  a 
combination  of  an  RFQ  and  a  spiral  loaded  cavity  will 
accelerate  H-,D-  beams  up  to  2.5  Mev/u  for  injection  into 
the  sc-linac. 

The  RFQ  is  a  3.8  m  long  four-rod  design  which 
accelerates  deuterons  with  an  initial  energy  of  25  keV/u 
up  to  2  MeV/u.  Behind  the  RFQ  a  compact  booster  cavity 
of  300  mm  length  is  mounted.  This  spiral  loaded  cavity 
accelerates  the  beam  to  a  final  energy  of  2.5  MeV/u.  It 
uses  four  accelerating  gaps  with  an  effective  voltage  of 
1  MV.  An  alternative  design  has  gaps  with  additional 
electrodes  in  an  rf-quadrupol  configuration  to  add  a 
focussing  field  in  this  DTL  structure. 

The  status  of  the  work  on  this  new  injector  is  presented. 

1  INTRODUCTION 

At  the  Forschungszentrum  Jtilich  a  new  injector  for  the 
cooler  synchrotron  COSY  is  developed.  COSY-SCL  will 
be  a  superconducting  linac  operating  at  a  frequency  of 
160  MHz  [2].  The  low  energy  part  of  the  injector  consists 
of  a  conventional  room  temperature  RFQ  in  combination 
with  a  short  booster  cavity.  The  ion  source  delivers 
polarized  protons  and  deuterons  at  25  keV.  To  accelerate 
both  types  of  ions  ensuring  equal  beam  charcteri sties,  two 
RFQs  with  einzellenses  and  booster  cavities  are  mounted 
on  a  rail  system.  An  overview  of  the  beamline  is  given  in 
figure  1. 


2  RFQ  DESIGN 

The  design  of  the  RFQ  electrodes  has  been  done  under 
consideration  of  the  beam  parameters  listed  in  Table  1 : 


Input  energy 

25  keV/u 

Input  emittance 

0.14  7i  mm  mrad 

Current 

1.5  mA 

Output  energy 

2  MeV/u 

Max.  beam  angle  at  the 
exit 

±15  mrad  in  both  planes 

Phase  width  at  the  exit 

Acp  <  ±  15° 

Table  1 :  RFQ  beam  parameters 


In  figure  2  the  design  parameters  of  the  RFQ  are 
shown. 

RFQjuel,  F=t  60  MHZ,  U=110  KV 
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In  the  first  few  cells  the  aperture  decreases  from  0.8  cm 
to  0.4  cm  to  match  the  beam  radially.  After  the  bunching 
section  the  ideal  phase  is  raised  to  -27°  and  the  aperture 
decreases  furthermore  to  a  minimum  of  0.27  cm.  The 
aperture  is  growing  at  the  end  of  the  electrodes  which 
leads  to  a  decrease  of  the  focusing  strength.  This  is 
necessary  to  maintain  the  beam  angle  of  15  mrad  at  the 
exit  of  the  RFQ. 

For  the  acceleration  of  the  deuteron  beam  an  electrode 
voltage  of  110  kV  is  necessary.  To  gain  that  voltage  the 
power  consumption  of  the  RFQ  will  be  about  500  kW  at  a 
duty  cycle  of  1%.  To  study  the  thermal  evolution  in  the 
RFQ  the  program  ISAFEM  was  used.  Figure  3  shows  the 
temperatur  distribution  in  one  RFQ  stem  without  cooling. 


Figure  3:  Temperature  distribution  in  an  RFQ  stem 
without  cooling  calculated  with  ISAFEM. 


3  BEAM  DYNAMICS 

The  input  distribution  has  been  generated  according  to 
the  expected  beam  emmitances  at  the  RFQ  entrance.  They 
fit  well  into  the  acceptance  of  the  RFQ  as  shown  in 
figure  4. 


Figure  4:  Input  distribution  and  acceptance  of  the  RFQ. 


KFOjLel,  F- 1 60  MHZ.  U=  1 1 0  hV 
NSTART-l  N570P-  152  1-0  mA 


Figure  5:  PARMTEQ  simulation  of  the  RFQ.  The  upper 
two  graphs  display  the  transverse  beam  envelope.  The 
longitudinal  evolution  of  the  beam  is  shown  in  graphs 
three  and  four. 

The  propagation  of  the  beam  through  the  152  RFQ  cells  is 
displayed  in  figure  5.  The  aperture  growth  at  the  end  of 
the  electrodes  corresponds  to  a  decrease  of  the  focusing 
strength.  Therefore  the  beam  radius  is  rising  slightly,  but 
the  anglular  spread  is  small  and  meets  the  requirements 
listed  in  table  1.  The  energy  spread  of  the  beam  reaches 
its  minimum  at  the  end  of  the  structure.  The  output 
distribution  of  the  RFQ  is  shown  in  figure  6. 


RrOjuel,  F=160  MHZ,  U-1 1 0  KV 

NCELL-152  .  NPCHNT-995  .  NIOTAL^tOOO  .  lin=0  mA 


Figure  6:  Output  distribution  of  the  RFQ. 

To  reach  the  overall  energy  of  2.5  MeV/u  a  booster 
cavity  is  mounted  directly  at  the  end  of  the  RFQ.  Because 


2818 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


RFQs  get  less  effective  at  higher  energies  and  the  length 
of  the  RFQ  shouldn’t  exeed  4  m  to  ease  manufacturing,  a 
spiral  loaded  cavity  with  30  cm  length  and  four 
accelerating  gaps  is  used.  The  parameters  of  the  cavity  are 
listed  in  table  2. 


Length: 

300  mm 

Diameter: 

280  mm 

Aperture: 

20  mm 

Gap  voltage: 

250  kV 

Power  consumption: 

150  KW 

Optional  to  the  classical  DTL  booster  a  DTL  cavity 
with  additional  quadrupole  electrodes  could  be  used  to 
achieve  a  better  focussing  a  higher  energies.  This  type  of 
cavity  is  being  examined  at  LAP.  Figure  9  shows  a 
schematic  drawing  of  an  accelerating  gap  with 
quadrupoles.  To  describe  this  kind  of  structure 
PARMTEQ  was  used  introducing  a  new  transport  element 
which  allows  to  transform  the  beam  through  an  arbitrary 
three  dimensional  potential  distribution  [5]. 


Table  2:  Parameters  of  the  booster  cavity. 

DTL  cavities  thus  short  feature  a  high  energy 
acceptance  and  flexibility  [3].  They  can  be  used  both  as 
booster  or  buncher  cavities.  A  drawing  of  the  spiral 
loaded  cavity  is  pictured  in  figure  7. 


Figure  7:  drawing  of  the  spiral  loaded  cavity. 

To  match  the  beam  to  the  following  SC  linac  a 
matching  line  consisting  of  quadrupoles  and  a  buncher  is 
used.  The  beam  distribution  after  the  matching  section  is 
pictured  in  figure  8. 

0ijei.  mi  e,  u-  i  i-v 


Figure  9:  Schematic  drawing  of  an  accelerating  gap  with 
quadrupoles 


4  CURRENT  STATUS 

At  present  the  vacuum  vessel  as  well  as  the  resonating 
structure  for  the  RFQ  are  built  at  NTG  in  Gelnhausen.  All 
components  for  the  booster  cavity  are  under  construction 
in  Frankfurt 

The  machining  of  the  vacuum  vessels  will  be  finished 
soon.  The  alignment  of  the  electrodes  as  well  as  RF 
tuning  of  both  cavities  will  take  place  at  IAP  in  Frankfurt. 
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Figure  8:  Beam  distribution  after  the  matching  section. 
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Abstract 

The  cross-bar  H-type  (CH)  cavity  is  a  multi-gap  drift 
tube  structure  based  on  the  H-2 1 0  mode  currently  under  de¬ 
velopment  at  IAP  Frankfurt  and  in  collaboration  with  GSI. 
By  use  of  the  KONUS  beam  dynamics  long  lens  free  sec¬ 
tions  can  be  realized,  making  the  design  of  a  superconduct¬ 
ing  multi-cell  CH  resonator  possible.  Numerical  simula¬ 
tions  and  rf  model  measurements  showed  that  the  CH-type 
cavity  is  an  excellent  candidate  to  realize  s.c.  multi-cell 
structures  ranging  from  the  RFQ  exit  energy  up  to  the  in¬ 
jection  energy  into  elliptical  multi-cell  cavities.  The  rea¬ 
sonable  frequency  range  is  from  about  150  MHz  up  to 
800  MHz.  A  19-cell,  £= 0.1,  bulk  niobium  prototype  cavity 
is  under  construction  at  the  ACCEL-Company,  Bergisch- 
Gladbach.  This  paper  will  present  detailed  MicroWave  Stu¬ 
dio  simulations  of  the  superconducting  CH  cavity. 

INTRODUCTION 

Linacs  based  on  room  temperature  (rt)  H-mode  cavities 
(RFQ  and  drift  tube  structures)  have  become  a  standard  so¬ 
lution  in  the  velocity  range  from  £=0.002  up  to  £=0.1  [1]. 
RF  power  tests  show  the  capability  of  IH-cavities  to  stand 
about  25  MV/m  on-axis  field  [2].  Moreover  H-type  cavi¬ 
ties  allow  for  the  acceleration  of  intense  beams  [3].  One 
new  aspect  of  investigations  started  at  GSI  and  IAP  Frank¬ 
furt  was  to  extend  the  velocity  range  of  the  H-mode  cav¬ 
ities  up  to  £=0.5  by  developing  the  CH-DTL  [4].  Many 
future  projects  (Accelerator  Driven  Transmutation  Project 
ADTP  [5],  European  Spallation  Source  ESS  [6],  Exper¬ 
imental  Accelerator-Driven  System  XADS,  the  Interna¬ 
tional  Fusion  Materials  Irradiation  Facility  (IFMIF)  or  the 
Radioactive  Ion  beam  Accelerator  RIA[7])  are  based  on  the 
availability  of  efficient  accelerating  cavities  with  properties 
like  mentioned  above,  which  additionally  can  be  operated 
in  cw  mode.  It  is  commonly  accepted  that  above  an  energy 
of  100  A  •  Me  V  super-conducting  elliptical  cavities  are  su¬ 
perior  to  rt  structures.  Up  to  20  A  •  Me V,  super-conducting 
(splitring  and  quarter  wave)  cavities  were  used  in  heavy 
ion  accelerators.  In  the  energy  range  in  between,  the  de¬ 
velopment  of  spoke-type  resonators  started  just  some  years 
ago  [8,  9].  These  cavities  usually  provide  only  a  few  ac¬ 
celerating  gaps.  By  combining  the  advantages  of  H-mode 
cavities  with  the  benefits  of  superconductivity,  effective  ion 
acceleration  with  multi-gap  structures  will  become  possi¬ 
ble.  Our  investigations  show  that  for  high  current  proton 
beams  the  injection  energy  will  be  around  5  MeV,  while 

*  Supported  by  GSI  Dannstadt,  EU  and  by  BMBF,  contr.  no.  06F134I 


for  heavy  ions  the  injection  energy  may  become  as  low  as 
1  A  ■  M eV .  The  CH-structure  is  efficient  for  beam  energies 
up  to  150  A  •  MeV . 

SUPERCONDUCTING  (SC)  STRUCTURES 

The  sc  CH-structure  could  be  an  excellent  choice  for  a 
cw  operated  ion  linac.  In  sc  cavities  there  is  no  cooling 
problem  like  in  cw  operated  rt  linacs.  In  general,  sc  linacs 
can  be  operated  at  higher  voltage  gradients  above  a  cer¬ 
tain  duty  factor.  On  the  other  hand,  at  low  duty  factors 
and  high  beam  currents  rt  structures  are  very  favourable 
because  they  are  cheaper  and  can  tolerate  dark  current  con¬ 
tributions.  To  demonstrate  the  capabilites  of  the  CH-DTL, 
it  is  foreseen  to  test  a  sc  CH  cavity  prototype.  A  design 
and  engineering  study  has  been  performed  in  close  coop¬ 
eration  with  industry1.  This  study  shows  the  feasibility  of 
the  production  of  superconducting  CH  cavities.  After  a  call 
for  tenders  the  CH  prototype  has  been  ordered.  The  cavity 
is  expected  to  be  delivered  in  January  2004.  To  test  the 
cavity  a  new  cryogentic  lab  has  been  established  at  the  IAP 
in  Frankfurt.  This  includes  a  vertical  600  1  cryostat,  two 
250 1  transport  dewars  for  liquid  helium,  a  laminar  flow  box 
(class  100)  and  a  magnetic  shielding  to  avoid  trapped  flux 
from  the  earth  magnetic  field  in  the  cavity  surface  during 
cool  down. 


Figure  1 :  The  sc  352  MHZ  CH  prototype  with  matched  end 
cell  geometry 

The  CH  protoype  with  19  gaps  will  be  made  of  bulk  nio- 

1  ACCEL  Company,  Bergisch  Gladbach,  Germany 
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bium,  the  diameter  is  28  cm,  the  length  is  105  cm.  At  an 
operation  frequency  of  352  MHz,  this  corresponds  to  a  par¬ 
ticle  (3  of  0.1.  One  important  issue  during  the  design  phase 
was  the  minimization  of  the  electric  and  magnetic  peak 
fields  to  reduce  the  risk  of  field  emission  and  of  thermal 
break  down.  An  accelerating  gradient  of  5  MV/m  results  in 
an  electric  peak  field  of  26.4  MV/m  and  in  a  magnetic  peak 
field  of  30  mT  which  is  a  very  moderate  value. 

CH  CAVITY  DESIGN 

The  CH-cavity  exceeds  the  mechanical  rigidity  of  other 
multi  cell  structures  at  similar  j3  and  operation  frequencies, 
and  it  exceeds  by  far  the  rigidity  of  IH-tanks  (1 10-mode). 
Together  with  the  application  of  the  KONUS  beam  dynam¬ 
ics  [10],  resulting  in  long,  lens  free  beta  graded  acceler¬ 
ating  sections  housed  in  individual  cavities,  this  opens  the 
possibility  to  develop  a  super-conducting  multi-  cell  cav¬ 
ity  [11].  The  RF  behavior  of  the  resonators  was  studied 
with  an  analytical  model  first,  allowing  a  rough  evaluation 
of  the  fundamental  cavity  parameters. 


Figure  2:  Accelerating  on  axis  field  distribution  of  the 
352  MHz  CH  cavity  without  (top)  and  with  (bottom)  gap 
length  variation 

The  consequent  numerical  simulations  of  the  resonators 


were  done  using  CST-MWS©[12].  One  of  the  calculated 
resonator  geometries  is  shown  in  fig.  1.  The  results  of  these 
calculations  are  shown  in  tab.l.  Fig.2  shows  the  acceler¬ 
ating  on  axis  field  distribution  of  the  352  MHz  CH  cavity 
before  and  after  field  optimization. 

To  get  a  flat  field  distribution,  the  length  of  each  gap  along 
the  CH  cavity  was  optimized.  Fig. 3  shows  the  resulting  gap 
length  distribution. 


Figure  3:  Gap  length  distribution  along  the  CH  cavity  at  a 
constant  periodical  length  of  42.857  mm 


frequency  [MHz] 

351.628 

beta 

0.1 

Ra/Q  [kfl] 

1.61 

Epeafc/Ea 

6.59 

Bpeafc/Ea  [mT/MV/m] 

7.29 

cavity  length  [m] 

1.048 

gaps 

19 

aperture  diameter  [mm] 

25 

tank  diameter  [m] 

0.28 

at  Ea=5  MV/m : 

Epeafc  [MV/m] 

32.95 

Bpeafc  [mT] 

36.45 

Table  1 :  Parameters  of  the  prototype  cavity 

A  small  Bpeak/Ea  ratio  indicates,  that  the  achievable  ac¬ 
celerating  gradient  limit  will  be  higher.  For  example  with 
a  gradient  of  5  MV/m  the  maximum  magnetic  field  on  the 
resonator  surface  will  be  as  low  as  36.45  mT  (352  MHz, 
/3=0.1  resonator),  giving  a  comfortable  safety  margin  with 
respect  to  the  BCS-limit  of  210  mT.  At  an  Ea  —  Eq  •  T  of 
5  MV/m,  the  corresponding  stored  field  energy  is  4  J. 

Fig.4  shows  the  magnetic  field  on  the  surface  of  the  CH 
cavity. 
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H9Bll.68e+004  Pi/m 


0  r  ■  1  ■  48e+084  A/n 


Figure  4:  Magnetic  field  on  the  surface  of  the  352  MHz 
CH  cavity  without  (top)  and  with  (bottom)  gap  length  vari¬ 
ation.  The  stored  field  energy  of  1  J  is  identical  in  both 
simulations 

CH  CAVITY  TUNING 

For  tuning  the  frequency  as  well  as  the  voltage  distribu¬ 
tion  during  the  fabrication  process  it  is  planned  to  incor¬ 
porate  cylindrical  blocks  on  the  girders  between  adjacent 
stems  (fig.5). 


Figure  5:  Tuning  the  352  MHz  CH  cavity  with  cylindrical 
niobium  blocks  along  the  girders 


Fig*  6  shows  that  up  to  a  height  of  about  3  mm  the 
tuner  acts  inductively  while  longer  cylinders  act  capaci- 
tively.  The  total  tuning  range  Af/f  at  a  cylinder  diameter 
of  20  mm  and  at  a  maximum  height  of  10  mm  corresponds 
to  2.5  •  10-4. 


Figure  6:  Frequency  tuning  of  the  CH  cavity  by  a  cylinder 
as  shown  in  Fig.5  with  variable  height 

OUTLOOK 

Using  the  rt  model  cavity,  further  investigations  will  start 
soon.  A  mechanism  for  tuning  the  cavity  (fast  und  slow) 
has  to  be  developed.  This  can  be  done  either  by  deform¬ 
ing  the  re-entrant  shape  geometry  or  by  deviating  from  the 
round  tank  cross  section.  In  a  next  step,  possible  high 
power  input  coupler  geometries  have  to  be  studied.  The 
aim  is  to  design  a  coupler,  which  should  provide  a  variable 
coupling  factor  even  in  the  cold  state. 
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Abstract 

Funneling  is  a  procedure  to  multiply  beam  currents  at 
low  energies  which  is  necessary  for  the  proposed  new 
high  current  accelerator  facilities  like  HIDIF  or  ESS. 
Funneling  can  be  done  by  several  stages.  The  beams  of 
several  LEBT’s  are  merged  in  multiple  stages  to  any  kind 
of  energy  and  beam  current  by  funneling.  The  main  goal 
is  to  keep  the  emittance  nearly  unchanged. 

The  Frankfurt  Funneling  Experiment  consists  of  two 
ion  sources,  a  Two-Beam  RFQ  accelerator,  two  different 
funneling  deflectors  and  a  beam  diagnostic  equipment 
system.  The  whole  set-up  is  scaled  in  He+  instead  of  Bi+ 
of  the  first  funneling  stage  of  a  HIIF  driver.  The  progress 
of  our  experiment  and  the  results  of  the  simulations  will 
be  presented. 

1  INTRODUCTION 

At  low  energies  the  beam  currents  of  linacs  are  limited 
by  space  charge  effects,  focusing  and  transport  capability 
of  the  accelerator. 

Funneling  is  doubling  the  beam  current  by 
combination  of  two  bunched  beams  preaccelerated  at  a 
frequency  fo  with  an  r.f.  deflector  to  a  common  axis  and 
injecting  into  another  r.f.  accelerator  at  frequency  2*f0  as 
indicated  in  figure  1 . 


By  the  use  of  the  Two-Beam  RFQ  the  two  beams  are 
brought  very  close  together  while  they  are  still  radially 
and  longitudinally  focused.  Additional  discrete  elements 
like  quadrupole-doublets  and  -triplets,  debunchers  and 
bending  magnets,  as  they  have  been  proposed  in  first 
funneling  studies,  might  not  be  necessary  [1,2,3].  A  short 
r.f.  funneling  deflector  is  placed  at  the  beam  crossing 
position  behind  the  RFQ  [4]. 

♦Work  supported  by  the  BMBF 


2  EXPERIMENTAL  SETUP 

Beam  experiments  with  our  Two-Beam  RFQ  were 
done  with  He+-ions  at  low  energies  to  facilitate  ion  source 
operation  and  beam  diagnostics  (fig.  2).  Two  small 
multicusp  ion  sources  and  electrostatic  lenses,  built  by 
LBNL  [5,6],  are  used.  The  LEBT’s  are  attached  directly 
on  the  front  of  the  RFQ  with  an  angle  of  75  mrad,  the 
angle  of  the  beam  axis  of  the  Two-Beam  RFQ. 


Fig.  2:  Picture  of  the  experimental  set-up. 


The  Two-Beam  RFQ  consists  of  two  sets  of 
quadrupole  electrodes,  where  the  beams  are  bunched  and 
accelerated  with  a  phase  shift  of  180°  between  each 
bunch,  driven  by  one  resonant  structure.  The  RFQ  is 
divided  in  two  sections.  The  first  section,  which  is  about 
two  thirds  of  the  total  length  of  2  meters,  accelerates  the 
beam  to  a  final  energy  of  1 60  keV.  The  last  section  has  to 
match  the  beam  to  the  funnel  deflector  to  optimize  beam 
radius  and  phase  width. 

At  present  one  beam  axis  consists  of  the  old 
unmodulated  electrodes  whereas  the  other  beam  axis 
consists  of  the  new  modulated  electrode  endpart.  This  will 
allow  to  compare  directly  both  beams.  Within  a  short  time 
the  second  beam  line  will  be  upgraded  too. 


Fig.  3:  Scheme  of  the  experimental  set-up. 
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Figure  4  shows  the  Parmteq  simulations  with  the  new 
RFQ  electrode  endpart.  The  new  electrode  design  reduces 
beam  radius  and  phase  spread  at  the  funneling  deflector 
corresponding  to  the  old  electrode  design  (figure  5). 


electrode  endpart. 


£ 

r _ : 

*,vv 

Fig.  5:  Beam  data  with  unmodulated  electrode  endpart. 


3  FUNNELING  DEFLECTOR 

For  beam  bending  to  a  common  axis  we  have 
investigated  several  schemes  of  deflectors  [7].  We  have 
done  experiments  with  the  one  cell  and  the  multi  cell 
deflector.  The  crossing  point  of  the  two  beams  is  right  in 
the  middle  of  the  deflector,  which  is  52  cm  behind  the 
RFQ. 

The  angle  between  the  two  beam  axes  is  75  mrad.  The 
one  cell  funnel  deflector  bends  this  angle  down  to  zero  by 
an  r.f.  voltage  of  25  kV. 

Figure  6  shows  a  simulated  beam  bending  with  the  one 
cell  funnel  deflector.  The  deflector  bends  the  beam  from 
an  average  angle  of  37.5  mrad  down  to  zero. 


34.00  MHz,  U-  21765.31  U,  L-  25.90  Mm 
NCELL=  1  N GOOD -33 93  TRRNS=  87.6*  MWX ' =  -0.134  06.03.2002 


Fig.  6:  Simulation  of  the  beam  bending  in  the  one  cell 
funnel  deflector  from  Dx’>  =  37.5  mrad  to  <x’>  -  0  mrad. 


Figure  7  displays  a  result  of  a  simulation  for  the 
funneling  with  two  beams  with  the  new  electrode  design. 


Fig.  7:  Simulated  funneling  with  new  RFQ  electrode 
design. 

At  the  moment  a  new  software  for  field  calculations 
and  particle  transport  (completely  in  3D)  for  the  deflector 
module  in  Parmteq  is  being  developed.  This  will  allow  us 
to  improve  the  existing  deflector  structures  and  design 
new  structures  for  future  funneling  deflectors. 

4  THE  NEW  RFQ  ELECTRODES 

The  new  RFQ  electrode  endpart  has  been 
manufactured  and  installed  in  the  RFQ  for  first 
experiments. 

Figure  8  shows  one  beam  line  with  transfer  to  the  new 
modulated  electrode  endpart. 


Fig.  8:  The  mounted  electrodes  at  the  stem. 


The  old  design  uses  unmodulated  electrodes  at 
constant  aperture  after  the  acceleration  part  until  the  end. 
In  the  new  design  the  bunch  drifts  for  12  cells  with 
increasing  aperture.  The  last  8  cells  have  a  modulation  up 
to  m  =  1.4  to  bunch  the  beam  with  the  time  focus  at  the 
funneling  deflector.  At  the  same  time  the  focusing  is  made 
stronger  to  avoid  a  diverging  beam  and  get  more  beam 
into  the  aperture  of  the  deflector.  Thus  the  RFQ  provides 
a  longitudinal  and  radial  focus  at  the  deflector. 
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Fig.  9  a-d:  Beam  pulse  measurements  with  a  faraday  cup. 
a:  Unmodulated  electrode  endpart 
b:  Modulated  electrode  endpart 
c:  Both  beams 

d:  Same  current  at  faraday  cup 


Figure  9a  displays  the  beam  pulses  of  the  old  design 
with  unmodulated  electrodes  at  the  end.  In  Figure  9b 
shorter  beam  pulses  with  the  modulated  endpart  is  shown. 
Figure  9c  shows  the  interlaced  beam  pulses  now  with  2f0. 
Both  beams  have  the  same  current  at  the  faraday  cup 
(figure  9d). 

The  used  faraday  cup  has  a  restricted  bandwidth  and 
cannot  resolve  the  pulses  at  high  resolution.  But  the 
results  deary  indicates  the  improvements  of  the  matching 
to  the  funnel  deflector. 

5  CONCLUSIONS 

Funneling  has  been  demonstrated  with  both  kind  of 
funnel  deflectors  [7].  To  achieve  a  proper  funneling  the 
beam  radius  and  phase  width  at  the  point  of  the  funneling 
deflector  has  to  be  as  small  as  possible. 

The  manufacturing  of  the  last  electrode  section  is 
done.  The  installation  of  the  new  electrode  endpart  at  one 
beam  line  and  the  retuning  of  the  RFQ  accelerator  was 
completed.  First  beam  tests  have  been  done. 

Next  step  will  be  bending  and  diagnostics  with  the 
new  beam.  The  installation  of  the  new  electrodes  at  the 
second  beam  line  will  follow.  Then  we  will  measure 
emittance  growth  during  funneling  with  our  beam 
diagnostic  device. 
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Abstract 

An  Annular  Coupled  Structure  (ACS)  has  been  devel¬ 
oped  for  upgrade  of  a  J-PARC  (Japan  Proton  Accelerator 
Research  Complex)  linac  from  180  MeV  to  400  MeV.  Al¬ 
though  install  area  is  prepared  for  the  ACS  cavities  at  an 
initial  construction,  it  will  be  used  as  a  beam-transport  line 
temporarily.  Aluminum  and  copper  models  were  fabricated 
for  RF  properties  confirmation  based  on  an  initial  design, 
and  for  final  optimization.  RF  measurement  procedure  of 
the  ACS  structure  was  also  studied  thorough  the  R&D  pro¬ 
cess.  Many  items  should  be  considered  for  mass  produc¬ 
tion;  schedule,  handling  parts,  utilities,  and  so  on.  The 
measurement  results  of  models  and  some  fabrication  sta¬ 
tus  are  presented. 

INTRODUCTION 

The  phase- 1  construction  of  High  Intensity  Proton  Ac¬ 
celerator  Facility  (JAERI/KEK  joint  project)  has  been 
started.  A  nickname  for  this  facility  has  been  de¬ 
cided  to  be  ’’J-PARC”  (Japan  Proton  Accelerator  Research 
Complex)[l].  The  plan  has  been  discussed  and  proposed 
jointly  by  the  High  Energy  Accelerator  Research  Organi¬ 
zation  (KEK)  and  the  Japan  Atomic  Energy  Research  In¬ 
stitute  (JAERI). 

The  following  are  the  complete  design  of  the  linac.  The 
linac  uses  normal-conducting  cavities  up  to  400MeV.  An 
RFQ  linac  accelerates  the  beam  up  to  3MeV,  a  DTL  up 
to  50MeV,  an  SDTL  up  to  190MeV,  and  an  ACS  up  to 
400MeV.  An  acceleration  frequency  from  the  RFQ  to  the 
SDTL  is  324MHz,  and  the  ACS  is  972MHz.  For  the  detail 
design  of  the  ACS,  refer  to  the  references  [2,  3]. 

The  beam  energy  of  the  linac  is  planned  for  180  MeV 
at  present  temporarily,  which  is  restricted  from  a  total  bud¬ 
get.  Although  the  ACS  is  not  sure  to  be  installed  at  an 
initial  operation  of  the  phase- 1,  R&D  for  a  cavity  fabri¬ 
cation  and  a  mass  production  should  be  finished  as  soon 
as  possible.  Since  April  2002,  the  fabrication  of  first  972 
MHz  prototype  module  was  started.  This  is  first  buncher 
module,  consisting  of  two  5-cells  accelerating  cavities  and 
a  5-cells  bridge  cavity.  And  then,  at  the  last  of  fiscal  year 
2002,  second  buncher  module  and  three  accelerating  mod¬ 
ule  were  ordered.  Fabrication  of  these  modules  will  be 
active  from  April  2004  mainly.  Two  17-cells  accelerating 
cavities  and  a  9-cells  bridge  cavity  were  chosen  for  the  ac¬ 
celerating  module.  The  total  number  of  accelerating  mod¬ 
ules  were  reduced  from  23  to  21  at  present  design  to  save  a 
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total  fabrication  cost.  (The  former  design  was  15-cells  and 
23-modules.) 

ALUMINUM  MODEL  TEST  AND 
COUPLING  IRIS  ANALYSYS 

A  wave  guide  and  a  bridge  cavity  are  coupled  with  an 
iris  for  matching  condition  of  RF  power.  A  coupling  factor 
P  was  analyzed  for  this  region  and  discussed. 

Review  of  JHF  L-band  ACS  coupling 

An  ACS  prototype  module  for  JHF  was  developed  at 
KEK.  This  module  was  installed  high  power  RF  and  con¬ 
firmed  the  cavity  is  performance.  Based  on  the  this  mod¬ 
ule,  a  coupling  ft  was  analyzed  for  the  iris  part  dimensions 
of  the  JHF  module  with  an  HFSS.  Figure  1  shows  an  ana¬ 
lyzed  model  and  a  calculated  SI  1  parameter.  The  analyzed 
model  in  Fig.  1  includes  1-cell  (0.5-cell  +  0.5-cell)  cavity. 
The  upper  boundary  plane  is  a  magnetic  boundary  for  a  7t/2 
mode  excitation,  and  the  rear  plane  is  a  magnetic  boundary 
and  the  bottom  plane  is  an  electric  boundary  because  of  a 
symmetry.  Evaluated  from  this  results,  a  coupling  value 
is  P  —  37.5.  The  designed  value  is  p  —  43,  supposing 
that  a  Q-value  and  a  coupling  factor  are  ideal  between  a 
bridge  cavity  and  an  accelerating  cavity.  Measured  value 
is  P  =  0.99  for  whole  cavities  [4].  This  is  one  sample  of 
comparing  an  analysis  and  a  measurement. 

For  another  case,  2.5-cell  (2-cell  +  0.5-cell)  cavities  case 
was  analyzed.  This  analysis  concludes  p  =  12.8.  It  is 
considered  reasonable.  This  is  because  that  a  ratio  of  two 
cases  are  37.5/12.8  =  2.93;  it  is  almost  equal  to  a  ratio 
of  a  stored  energy.  These  results  will  be  checked  by  model 
and  module  measurements  in  a  fabrication  process. 

Half-scale  model  test  for  J-PARC 

In  advance  of  the  practical  ACS  cavity  production,  a 
half  scale  aluminum  model  was  fabricated;  the  frequency 
is  1944  MHz.  This  model  aims  at  the  evaluation  of  the  cav¬ 
ity  properties  with  low  power  RF  and  the  examination  of 
the  measuring  method  required  for  the  RF  measurements 
[5]. 

As  mentioned  in  above  section,  a  coupling  p  was  also 
analyzed  for  a  half-scale  model.  Several  size  of  iris  and 
connecting  dimensions  are  fabricated  and  these  measure¬ 
ment  is  underway.  (See  Fig.  2)  For  a  regular  accelerating 
section,  accelerating  and  coupling  cells  have  a  margin  for 
frequency  tuning  at  initial  dimensions,  so  that  these  cells 
have  been  tuned  by  several  times  of  machining. 
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Figure  1:  The  analyzed  model  shape  and  the  calculated  SI  1 
parameter  with  an  HFSS 


Figure  2:  Half-scale  aluminum  model  of  connection  part 
between  a  bridge  cell  and  a  wave  guide 

PROTOTYPE  MODULE 

Machining  of  half-cell  disks 

Many  half-cell  disks  are  layered  and  brazed  for  assem¬ 
bling  an  ACS  cavity.  Figure  3  shows  the  configuration  of 
a  half-cell  disk.  Flatness  of  a  composition  surface  is  im¬ 
portant  for  brazing.  An  OFC  half-cell  disk  is  machined  as 


follows: 

1)  machined  with  5-10  millimeter  margin  at  a  material  fac¬ 
tory, 

2)  machined  with  1  mm  margin  and  then  annealed, 

3)  machined  with  0.5  mm,  0.18  mm,  0.08  mm  margin  step 
by  step, 

4)  four  coupling  slots  are  drilled  on  a  machining-centre, 

5)  finished  with  ultraprecision  machining  for  the  design 
shape. 

It  is  better  to  minimize  the  margin  for  ultraprecision  ma¬ 
chining.  This  is  because  that  small  volume  of  machining 
saves  damage  for  a  cutting  tool,  thus  it  brings  stable  qual¬ 
ity  of  machining.  It  is  slightly  difficult  to  keep  the  accuracy 
of  flatness  less  than  10/jm  in  the  normal  machining  of  the 
large  diameter  (460mm).  Therefore,  the  final  margin  for 
diamond  machining  is  depend  on  an  error  of  normal  ma¬ 
chining. 


Figure  3:  Configuration  of  the  half-cell  disk 


radial  position  [mm] 


Figure  4:  Machining  error  of  a  horizontal  turning  machine 
vs.  a  vertical  turning  machine 

Figure  4  shows  An  example  of  a  machining  error  with 
a  normal  turning  machine  is  showed  in  Fig.  4  which  com¬ 
pares  a  horizontal  type  turning  machine  (a  rotating  axis  is 
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horizontal)  and  a  vertical  type  turning  machine  (a  rotating 
axis  is  vertical).  Some  reasons  of  the  machining  error  are: 

1)  temperature  control  of  a  turning  machine, 

2)  temperature  control  of  machined  object, 

3)  heat  effect  caused  by  machining  . 

Especially,  it  is  considered  that  the  error  between  a  center 
and  a  circumference  part  are  caused  from  the  increase  of 
the  object  temperature.  The  new  vertical  turning  machine 
takes  care  of  all  above  points;  placed  air  conditioned  area, 
temperature  controlled  cutting  oil,  and  high-rotating  speed 
reduces  heating  effect.  Therefore,  the  new  vertical  turning 
machine  can  reduce  a  machining  error  drastically. 


Figure  5:  Vertical  turning  machine 


Wave  guide  flange  and  RF  window 

An  wave  guide  flange  for  a  vacuum  region  and  RF  win¬ 
dow  have  been  developed.  The  wave  guide  is  WR975.  A 
rectangular  flanges  were  fabricated  and  tested  with  several 
thicknesses  of  gaskets.  (See  Fig  6)  These  flanges  are  vac¬ 
uum  tight  and  they  are  adopt  for  ACS  modules  and  RF  win¬ 
dows. 

The  RF  window  is  a  pillbox  type  and  a  diameter  of  a 
ceramic  window  is  285mm.  First  prototype  window  is  un¬ 
der  fabrication.  Although  it  is  ensured  0.4  MPa  of  resist 
pressure  for  cooling  water,  a  water  cooling  system  of  the 
linac  recommends  up  to  IMPa  strongly.  A  sleeve  design 
around  a  ceramic  for  an  accelerating  modules  will  be  re¬ 
vised  to  keep  toughness  up  to  IMPa.  This  prototype  win¬ 
dow  will  be  used  for  measurement  of  RF  properties  and  a 
high-power  test  at  a  test  stand. 

SUMMARY 

The  half  and  full-cell  models  are  corrected  and  mea¬ 
sured  continuously.  The  fundamental  measurement  pro¬ 
cedure  and  accuracy  requirements  for  measurement  tools 
have  been  developed. 

The  technical  problems  have  been  solved  for  the  machin¬ 
ing  of  half-cell  disk.  The  real-scale  RF  measurement  con- 


Figure  6:  Rectangular  flange  and  gaskets  for  vacuum 
waveguide  WR975 

tinues  for  improving  a  tuning  process.  We  are  planning 
the  measurement  procedure  through  the  assembling  of  the 
buncher  cavity. 

Fabrications  and  R&D  schedule  are  as  follows.  The  first 
buncher  fabrication  is  scheduled  to  finish  in  February  2004. 
An  high-power  test  of  this  buncher  is  planned  for  a  next 
step.  From  April  2004,  the  second  buncher  and  accelerat¬ 
ing  modules  are  started.  The  second  buncher  has  the  same 
design  as  first  one.  Trial  machining  and  tuning  R&D  are 
proceeded  to  next  f3  energy  of  modules. 
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LOW  POWER  TEST  OF  RFQ  MOCK-UP  MODULES  AT  175MHz 

FOR  IFMIF  PROJECT 

S.  Maebara^,  T.  Morishita,  M.  Sugimoto,  T.  Imai,  H.  Takeuchi,  JAERI,  Ibaraki-ken,  Japan 
S.  Sazawa,  M.  Saigusa,  Ibaraki  University,  Ibaraki-ken,  Japan 


Abstract 

The  175MHz  RFQ  mock-up  modules  which  consist  of 
end-plate  modules  and  central  modules,  have  been 
designed  by  MAFIA  code,  and  the  mock-up  modules 
have  been  fabricated  for  a  low  power  test.  By  the  low 
power  test  results  and  the  analysis  of  higher  modes,  it  was 
found  that  the  resonant  frequency  of  operation  mode 
(TE2io)  is  not  affected  by  higher  modes  in  the  RFQ  length 
of  4.1m.  This  result  showed  one  of  feasibility  for  the 
application  technique  using  two  coupling  plates  in  the 
12m-long  IFMIF  RFQ. 

1  INTRODUCTION 

International  Fusion  Materials  Irradiation  Facility 
(IFMIF)  is  an  accelerator-based  neutron  irradiation 
facility  to  develop  materials  for  fusion  reactor[l-3].  In  the 
system,  40MeV  deuteron  beam  with  a  current  of 250  mA 
is  injected  into  liquid  lithium  flow  with  a  speed  of  20  m/s, 
neutron  field  similar  to  the  D-T  Fusion  reactor  (2MW/m2, 
20  dpa/year  for  Fe)  is  produced  by  the  Deuteron-Lithium 
(D-Li)  stripping  reaction.  The  required  current  of  250  mA 
is  realized  by  two  beam  lines  of  125  mA,  and  the  output 
energies  at  injector,  radio-frequency  quadrupole  (RFQ) 
linac  and  drift  tube  linac  (DTL)  are  designed  to  be  0.1, 
5.0  and  40  MeV,  respectively  [4]. 

In  the  175  MHz  IFMIF  RFQ  system,  the  RFQ  total 
length  is  needed  to  be  12  m  to  accelerate  ions  up  to  5 
MeV,  and  hence  suppression  of  higher  modes  is 
indispensable.  For  this  purpose,  a  coupling  plates  are  used, 
central  modules  which  have  a  short  longitudinal  length, 
are  connected  through  the  coupling  plates.  This  coupled 
cavity  technique  is  developed  for  350  MHz  RFQ  system 
in  APT/LED  A  project  of  LANL[5-8],  will  be  used  in 
IFMIF  RFQ  system.  In  order  to  apply  this  technique,  it  is 
indispensable  to  verify  resonant  frequencies  of  operation 
mode  and  higher  modes  in  the  short  central  module.  In 
case  that  two  coupling  plates  are  applied  for  the  IFMIF 
RFQ,  the  short  central  module  length  is  4  m,  operation 
mode  and  higher  modes  in  the  length  were  verified  by  the 
low  power  test  and  the  analysis  of  higher  modes. 

2  DESIGN  OF  RFQ  MODULES 

A  four-vane  RFQ  modules  were  designed  by  MAFIA 
code.  The  RFQ  modules  consist  of  two  end-plate  modules 
and  central  modules,  two  end-pate  modules  are  connected 
to  both  sides  of  the  central  modules.  A  coupling  pates  are 
not  included  in,  to  evaluate  operation  mode  (TE2io)  and 
higher  modes  (TE2in  and  TEnn)  up  to  a  longitudinal 
t  maebaras@fusion.naka.jaeri.go.jp 


length  of  4.1  m.  For  both  modules,  the  vane  tip  has  no 
modulation,  the  cavity  shapes  have  no  curved  lines 
excepting  for  the  vane  tips.  The  bore  diameter  and  the 
vane  radius  are  required  by  Ion  Beam  Transport 
Simulation,  the  diameter  and  the  radius  are  <J>8  mm  and  4 
mm,  respectively.  The  resonant  frequency  was  analyzed 
by  changing  each  cavity  dimension.  For  the  resonant 
frequency  of  175MHz,  mock-up  modules  were  fabricated. 
The  material  of  aluminum  was  used.  Photograph  of 
central  thodule  and  end-plate  module  are  shown  in  Fig.l. 
The  gap  between  end-plate  and  undercut  vane  edge  is  40 
mm,  the  longitudinal  length  and  the  radial  length  for  the 
undercut  vane  is  50  mm  and  70mm,  respectively.  In  this 
dimension,  electric  field  strength  at  the  vane  edge  which 
is  1%  lower  than  one  at  the  central  module  center,  is 
suppressed,  electric  field  uniformity  around  the  tip  of 
vane  for  a  longitudinal  length  is  kept. 


Fig.l  Photograph  of  Central  and  End-pate  module 


3  LOW  POWER  TEST 

In  Fig.2,  photograph  of  the  4.1m-Long  RFQ  module  is 
indicated.  The  RFQ  module  consist  of  four  central 
modules  and  two  end  plate  modules,  each  central  module 
length  is  lm.  In  the  end-plate  modules,  the  central  module 
length  of  50mm  is  including.  In  this  system,  the  resonant 
frequency  and  the  mode  number  for  operation  mode  and 
higher  modes  were  measured  Network  Analyzer.  The  two 
loop  coils  of  <|)60mm  and  (|>25mm  were  used  for  an  RF 
input  coupler  and  a  pick-up  coil,  respectively.  For  the 
resonant  frequency,  a  peak  values  of  a  transmission 
coefficient  factor  (S21)  were  measured,  the  mode  number 
was  evaluated  by  phase  difference  in  each  cavity  and  the 
calculation  results  by  MAFIA  code. 


Centra^’ 


ufe  fen"glK:4.1m 


Fig.2  Photograph  of  the  4.1m-Long  RF  module 
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The  measured  result  is  shown  in  Fig.3.  Six  peaks  are 
observed,  it  was  found  that  TE110,  TE210,  TEni,  TE2n, 
TEn2  and  TE2]2  mode  from  a  low  frequency  side  are 
excited.  The  resonant  frequency  of  187  MHz  for  the 
operation  mode  (TE2i0)  was  measured,  but  the  designed 
value  was  175  MHz.  The  order  of  mode  number  and  the 
number  of  higher  modes,  however,  are  in  agreement  with 
calculation  results.  The  frequency  difference  between 
TE2io  and  TEU0,  and  between  TE2]0  and  TEm  are  more 
than  1.6  MHz,  the  operation  mode  of  TE2]0  was  not 
affected  by  these  higher  modes.  It  was  found  that  the 
operation  mode  is  not  affected  by  higher  modes  if  the 
frequency  of  operation  mode  is  far  from  higher  modes 
more  than  1MHz. 


Frequency  [MHz] 


Fig.3  Measured  resonant  frequency 

In  order  to  agree  with  these  measured  resonant 
frequencies,  mesh  sizes  of  MAFIA  code  were  optimized. 
In  this  result,  it  was  found  that  the  mesh  size  not  in  excess 
of  5 mm/mesh  is  needed  at  the  end-plate  module  part  in 
z-axial  direction,  but  the  mesh  size  of  27.5mm/mesh  or 
less  is  needed  at  central  module  part.  The  difference 
between  measured  values  and  calculated  values  was 
caused  by  the  roughness  of  mesh  sizes.  Because  the 
boundary  condition  are  complicated  configuration  by 
undercut  vane  parts  and  the  gap  between  the  end-plate 
and  undercut  vane  edge,  the  mesh  size  has  to  be  cut  fine 
at  the  end-plate  parts.  The  measured  resonant  frequencies 
were  in  agreement  with  the  calculated  values  using  the 
optimized  mesh  sizes,  within  200kHz  ~1.13MHz.  For 
the  frequency  difference  between  each  modes,  it  were  in 
agreement  within  -0.1 8  ~  +0.471  MHz. 

4  IMPROVEMENT  OF  RFQ  MODULE 

The  central  module  and  the  end-pate  modes  were 
redesigned  by  the  optimized  mesh  sizes  so  as  to  obtain 
the  resonant  frequency  of  174  MHz  in  the  RFQ  module 
length  of  4.1m.  The  improved  cavity  dimensions  are 


shown  in  Fig.4.  The  values  with  arrow  are  indicated  for 
the  improved  dimension,  blue  and  red  values  are  previous 
and  improved  dimension,  respectively. 


Bore  Diameter:  4)8  mm 
Vane  Tip  Radius:  4mm 


Fig.4  Improved  cavity  dimension 

One  central  module  and  two  end-plate  modules  were 
improved,  the  resonant  frequency  in  the  RFQ  module 
length  of  1.1m  was  measured.  The  measured  result  is 
shown  in  Fig.5.  The  resonant  frequency  of  175.65  MHz 
for  operation  mode  was  obtained,  the  frequency  was  in  a 
good  agreement  with  the  calculated  one  of  174.36  MHz. 
The  difference  was  less  than  1%  of  operation  frequency. 
This  difference  is  supposed  to  be  caused  by  misalignment 
at  the  connection  between  central  module  and  end-plate 
module,  but  the  analysis  in  details  has  not  been  done  yet. 


Fig.5  Measured  resonant  frequency  of  Improved  RFQ 

5  HIGHER  MODES  ANALYSIS 

Higher  modes  analysis  as  a  function  of  a  longitudinal 
length  up  to  4.1  has  been  done  by  MAFIA  code  using  the 
optimized  mesh  sizes.  The  result  is  shown  in  Fig.6.  In  the 
case  of  RFQ  length  of  4.1  m,  the  resonant  frequencies  of 
TE2jo  and  TEm  modes  are  173.91  MHz  and  176.18  MHz, 
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respectively.  The  difference  is  2.27  MHz,  it  is  assessed 
that  the  operation  mode  is  not  affected  by  TEn0  mode.  It 
is  also  found  that  the  difference  of  more  than  1 .54  MHz  is 
obtained  by  the  RFQ  length  of  more  than  2.1m,  operation 
mode  is  not  affected.  But  the  RFQ  system  design  using  2, 
3  and  5  coupling  plates  is  considerable  in  this  result,  the 
RFQ  design  using  two  coupling  plates  will  a  good 
candidate  from  a  low  cost-effectiveness  point  of  views. 
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Fig.6  Higher  modes  analysis 


5  FUTURE  PLANS 


In  this  works,  the  cavity’s  dimension  for  175  MHz 
RFQ  is  obtained,  the  ridged  coaxial  waveguide  of  1  5/8’ 
is  suitable  for  RF  Power  lead.  From  the  withstanding 
voltage  points  of  view,  water  cooling  for  the  inner 
conductor  is  indispensable,  R&D  of  multi  RF  input 
couplers  are  needed  to  lead  the  RF  power  of  700kW  level 
per  one  RFQ  module  length  of  4.1  m.  In  the  nest  step, 
a  high  power  RF  input  couplers  using  this  ridged  coaxial 
waveguide  are  installed  into  RFQ  modules,  the  evaluation 
for  the  resonant  frequency  and  the  power  balance  in  each 
cavity  by  a  low  power  test  is  planning. 


6  SUMARY 


The  RFQ  modules  which  consist  of  end-plate  modules 
and  central  module,  were  designed  by  MAFIA  code,  the 
modules  were  fabricated  for  a  low  power  test.  In  the  tests, 
the  resonant  frequencies  of  operation  mode  and  higher 
modes  were  measured  in  the  RFQ  length  of  4.1m,  it  was 
found  that  the  operation  mode  will  not  be  affected  by 
TEin  mode.  The  mesh  sizes  of  MAFIA  code,  moreover, 
were  optimized  so  as  to  agree  with  the  measured  resonant 
frequency,  it  was  found  that  the  mesh  size  of  5mm/mesh 
in  a  longitudinal  direction  is  needed  for  end-plate  parts. 


The  RFQ  modules  were  redesigned  by  the  optimized 
mesh  sizes,  and  the  RFQ  modules  were  improved.  The 
resonant  frequency  of  175.65  MHz  in  the  RFQ  length  was 
obtained  by  the  improved  RFQ  modules,  the  measured 
frequency  was  in  a  good  agreement  with  the  calculated 
one  of  174.39  MHz.  By  this  result,  MAFIA  code  has 
made  it  possible  to  analyze  accurately  for  175  MHz  RFQ. 
In  the  higher  mode  analysis  by  this  MAFIA  code,  it  was 
found  that  the  operation  mode  is  not  be  affected  by  TEln 
mode  in  the  RFQ  length  of  4.1  m,  it  was  indicated  that 
one  of  feasibility  for  the  application  technique  using  two 
coupling  plates  in  the  12m-Long  IFMIF  RFQ. 
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SYSTEM  FOR  THE  PROTON  ENGINEERING  FRONTIER  PROJECT  (PEFP) 

J.M.  Han,  Y.S.  Cho,  H.J.  Kwon,  J.H.  Jang,  K.  K.  Jeong,  Y.J.  Kim,  S.  H.  Han,  K.T.  Seol,  M.Y.  Park, 
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Abstract 


The  development  of  a  low-energy  proton  accelerator 
has  started  as  the  first  phase  of  the  Proton  Engineering 
Frontier  Project  (PEFP).  The  low-energy  proton 
accelerator  system  consists  of  a  50keV  proton  injector, 
low-energy  beam  transport  (LEBT),  350MHz,  3MeV 
radio-frequency  quadrupole  (RFQ),  350MHz,  20MeV 
drift-tube  linac  (DTL),  and  rf  system.  The  proton 
injector  is  under  operation,  RFQ  is  testing  rf  power,  and  a 
design  of  DTL  has  finished. 

1  INTRODUCTION 

The  Proton  Engineering  Frontier  Project  (PEFP)  that 
consists  a  construction  of  a  100  MeV  proton  linac  and  its 
application  in  the  industries  and  the  basic  science  areas  is 
developing  in  Korea  Atomic  Energy  Research  Institute 
(KAERI)  as  Korean  national  research  facility.  In  the  first 
phase,  an  engineering  design  and  construction  for  the 
low-energy  proton  accelerator  system  that  includes 
injector,  LEBT,  RFQ[1],  DTL[2]  and  RF  system[3]  are 
underway.  In  parallel,  an  applications  of  keV  and  MeV 
proton  beams  are  being  developed  such  as  ion  irradiators, 
surface  modification  of  materials.  In  the  second  phase,  a 
1 00  MeV  linac  and  several  beam  lines  of  20  MeV  and 
100  MeV  will  be  constructed,  and  several  applications 
with  high  current  proton  beams,  and  an  user  program  for 
future  extension  of  the  program  are  planned. 

The  development  of  a  low-energy  proton  accelerator 
has  started  from  September,  2002  at  Daejon.  After  a 
20MeV  beam  commissioning  is  finished,  we  will  move  a 
new  site. 

Subsequent  sections  of  this  paper  describe  the  present 
status  of  the  low-energy  linac  system. 

2  LINAC  SYSTEM 


2.1  Injector 

A  dc  injector  capable  of  50keV,  50mA  proton  beam 
operation  constructed.  It  uses  a  dc  duoplasmatron  proton 
source.  Injector  includes  proton  source,  power  system, 
chamber,  and  diagnostics 


Figure  1.  Constructed  Injector. 

2.2  LEBT  System 

LEBT  system  was  designed  with  the  codes,  TRACE 
3D,  POISON,  PARMTEQM,  and  ANSYS.  2.2m-long  test 
Low  Energy  Beam  Transport  (LEBT)  system  which 
match  between  the  ion  source  and  the  RFQ  linac  was 
assembled.  LEBT  consists  of  two  solenoid  magnets,  two 
steering  magnets,  and  a  beam  line,  as  shown  in  Fig.  2. 


Figure  2.  Assembled  LEBT  System. 
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The  16cm-i.d,  20cm-long  solenoid  lenses  with  polar 
cores  have  72000A/tums,  maximum  power  loss,  8.1kW, 
and  dc  fields  5000Gauss  at  a  beam  axis.  In  order  to 
control  of  X  and  Y  motions,  two  steering  magnets  are 
placed  in  the  LEBT.  These  can  correct  1 .7cm  horizontal 
offset  on  the  beam  axis. 

2.3  RFQ  System 

The  design  of  the  3MeV  RFQ  cavity  was  performed  by 
the  beam  dynamics  codes,  PARMTEQM  [4],  the  thermal 
and  stress  analysis  code,  ANSYS,  and  the  cavity  design 
codes,  SUPERFISH  and  MAFIA.  The  main  parameters 
given  in  table  1 . 


Table  1.  3.0MeV  RFQ  Parameters. 


PARAMETER 

VALUE 

Operating  frequency 

350  MHz 

Particles 

Proton 

Input  /  Output  Current 

21 /20  mA 

Input  /  Output  Energy 

0.05/3.0  MeV 

Input  /  Output  Emittance, 
Transverse/norm. 

0.02  /0.023  7i-cm-mrad 

rms 

Output  Emittance, 
Longitudinal 

0.246  MeV-deg 

Transmission 

95% 

Structure  Type 

4-vanes 

Peak  Surface  Field 

1.8  Kilpatrick 

Structure  Power 

350  kW 

Beam  Power 

68  kW 

Total  Power 

418  kw 

Length 

324  cm 

The  RFQ  cavity  was  machined  into  OFH-Copper  and 
was  integrated  from  four  separate  8 1  cm-long  sections 
which  was  fabricated  by  vacuum  furnace  brazing.  Fig.3 
shows  the  assembled  RFQ  system. 

The  average  RFQ  cavity  structure  power  by  rf  thermal 
loads  is  350kW  and  the  peak  surface  heat  flux  on  the 
cavity  wall  is  0.13  MW/m2.  In  the  operation  of  the  RFQ, 
a  key  issue  is  to  remove  this  heat.  To  do  it,  we 
constructed  24  longitudinal  coolant  passages  in  each  of 
the  sections.  Total  flow  designed  is  15001/min  with  more 
than  lM£2-m.  In  the  design  of  the  coolant  passages,  we 
considered  the  thermal  behaviour  of  the  vane  during  an 
operation,  the  efficiency  of  cooling  and  fabricating  cost. 
Cooling  system  constructed  consisted  of  38  flow  meters, 
38  thermocouples  and  19  pressure  gauges 


In  the  RFQ,  a  beam  loss  designed  is  about  1mA  of 
proton.  Vacuum  system[5]  constructed  to  pump  beam 
loss,  LEBT  gas  load  and  out-gassing  from  the  RFQ  cavity 
and  vacuum  plumbing.  Vacuum  pumps  which  consists  of 
a  6001/min  roughing  pump  and  two  30001/s  cryopumps 
are  completely  oil-free. 

RF  feed  is  in  the  third  section.  In  order  to  supply  the 
RF  power  in  the  RFQ,  we  studied  an  iris-type  for  3.0MeV 
RFQ.  The  input  coupler  designed  is  the  tapered  ridge- 
loaded  waveguide  which  is  interesting  from  an 
electromagnetic  point  of  view  since  the  cutoff  frequency 
is  lowered  because  of  the  capacitive  effect  center,  and 
could  in  principle  be  made  as  low  as  desired  by 
decreasing  the  gap  width  sufficiently.  .  The  RF  vacuum 
window  section  consists  of  a  straight  WR2300  waveguide 
which  includes  a  vacuum  window  and  a  port  for  vacuum 
pumping  the  waveguide. 

Low  level  RF  (LLRF)  system  constructed  include  the 
RF  reference,  resonance  control  of  the  RFQ  cavity, 
klystron  control,  interlocks,  and  feedback  loop.  The  main 
function  of  the  LLRF  system  is  to  control  RF  fields  in  the 
RFQ  cavity  and  maintain  field  stability  in  the  range  of 
±1.0%  peak  to  peak  amplitude  and  ±1.0°  peak  to  peak 
phase.  All  RF  feedbacks  loops  will  use  baseband  In-phase 
and  Quadrature  techniques.  Maximum  output  power  of 
the  LLRF  system  is  200W.  The  software  control  of  the 
LLRF  system  performs  with  EPICS. 


Figure  3.  Assembled  3.0MeV  RFQ  system. 


2.4  DTL  System 

The  available  structures  for  the  20  MeV  proton 
accelerator  are  a  coupled  cavity  DTL  (CCDTL),  a  super¬ 
conducting  cavity  linac,  and  a  conventional  DTL.  The 
CCDTL  has  a  merit  that  the  QM  can  be  located  at  the 
outside  of  cavity.  Since  the  high  shunt  impedance 
structure  should  be  operated  at  the  higher  frequency  than 
that  of  RFQ,  a  matching  section  is  necessary  to 
compensate  the  structure/frequency  change  and  the 
cavity  becomes  longer.  For  the  super-conducting  cavity, 
more  R&D  is  necessary  for  lower  beta  region.  Therefore 
the  most  suitable  choice  is  the  conventional  DTL  in  spite 
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of  its  disadvantage  that  the  QM  has  to  be  installed  even 
inside  the  short  first  drift  tube  in  the  first  tank. 

The  operating  frequency  of  RFQ  is  350  MHz  and  the 
conventional  DTL  is  also  working  at  the  same  frequency 
in  order  to  make  the  matching  easy  between  RFQ  and 
DTL. 

The  20  MeV  accelerator  should  be  constructed  within 
next  2  years,  and  should  deliver  the  proton  beam  to  users. 
With  this  schedule,  the  RF  system  for  20  MeV  DTL 
should  be  separated  from  the  other  parts  of  the  100  MeV 
accelerator.  From  the  construction  cost  estimate,  one  RF 
system  for  the  DTL  is  preferred.  The  RF  power  is  limited 
to  900  kW. 

Table  2.  DTL  design  parameters 


Parameter 

Value 

Tank  diameter 

54.44  cm 

Drift-tube  diameter 

13  cm 

Bore  radius 

0.7  cm 

Drift-tube  face  angle 

10  degrees 

Drift-tube  flat  length 

0.3  cm 

Comer  radius 

0.5  cm 

Inner  nose  radius 

0.2  cm 

Outer  nose  radius 

0.2  cm 

Stem  diameter 

2.6  cm 

Frequency  tolerance 

0.001  MHz 

The  required  RF  power  for  the  20MeV  DTL  is 
described  in  Table  3,  which  is  an  output  results  of  the 
PARMILA  code  considering  25%  power  margin  from  the 
SUPERFISH  code  input  data.  The  total  required  power  is 
about  900kW  which  can  be  covered  with  one  1MW 
klystron. 


Table  3:  Required  RF  power  for  20MeV  DTL 


Tank# 

Cu  power 
(kW) 

Beam  power 
(kW) 

Total  power 
(kW) 

1 

141.6 

83.4 

225.0 

2 

138.8 

86.2 

225.0 

3 

138.3 

85.7 

224.0 

4 

137.1 

83.9 

221.0 

Total 

(kW) 

555.8 

339.2 

895.0 

The  power  distribution  in  each  tank  is  within  ±1%.  The 
schematics  of  RF  power  delivery  system  is  shown  in  Fig. 
4.  The  RF  power  from  one  1MW  klystron  is  split  into 
four  legs  by  magic  tee  to  drive  four  DTL  tanks 
respectively.  Each  leg  has  a  phase  shifter  to  adjust  the 
phase  of  the  RF  field  in  each  tank.  With  this  type  of 
power  distribution,  the  amplitude  of  the  RF  field  in  each 
tank  can  be  maintained  within  ±1%  of  the  design  value  in 
spite  of  feeding  equal  power  into  each  tank. 


Figure  4.  Schematics  of  RF  power  delivery  system  for 
20MeV  DTL 

3  SUMMARY 

Injetor  and  LEBT  system  has  been  constructed.  The 
fabrication,  electrical  test,  and  vacuum  leak  test  of  the 
RFQ  cavity  has  been  completed.  The  low-energy  linac 
system  will  be  constructed  in  May,  2005  and  the  beam 
commissioning  up  to  20MeV  will  be  finished.  In  2007. 
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